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Preface

Spacecraft maintain their thermal balance
through radiative processes. Hypersonic air-
craft and bodies plunging into planetary at-
mospheres also depend on radiative processes
for part of their temperature control. The
expansion of aerospace technology has accord-
ingly brought with it a prodigious development
of interest and activity in the field of thermal
radiation of solids. In order to provide for
a broad interchange of information among
workers in this field, a number of symposiums
have been held in the last few years in which
thermal radiation was either the main topic or
a main subtopic. Among these may be cited:

The First Symposium on Surface Effects
on Spacecraft Materials, Palo Alto, May 12
and 13, 1959—published as First Sym-
postum—Surface Effects on Spacecraft Ma-
terials, Francis J. Clauss, editor, John
Wiley & Sons, Incorporated, ¢. 1960.

The NASA Conference on Thermal
Radiation Problems in Space Technology,
Langley Research Center,September 12 and
13, 1960—not published, but a compilation
of summaries of the papers presented was
prepared and distributed to the partici-
pants.

The Conference on Radiative Transfer
from Solid Materials, Boston, December 12
and 13, 1960-—published as Radiative
Transfer from Solid Materials, Henry Blau
and Heinz Fischer, editors, The Macmillan
Company, 1962.

The Symposium on Measurement of
Thermal Radiation Properties of Solids,
Dayton, Ohio, September 5-7, 1962—-
published as Measurement of Thermal
Radiation Properties of Solids, Joseph C.
Richmond, editor, NASA SP-31, 1963.

The present Symposium on Thermal Radia-
tion of Solids was, like the last of the above list,

sponsored jointly by the Research and Tech-
nology Division, U.S. Air Force; the National
Bureau of Standards; and the National Aero-
nautics and Space Administration. Tt was held
in San Francisco, March 4-6, 1964.

The Symposium was intended to provide for
presentation and discussion of significant de-
velopments in the theory of thermal radiation
of solids and in our understanding of the im-
portant effects of surfaces and interfaces and of
surface imperfections on this radiation, of the
effects of the space environment on radiation
properties, and of the application of this infor-
mation to the thermal designer’s problems.
Presentation of data as such—for example,
absorptances and emittances of various types
of coatings—was not considered a primary
purpose of the Symposiumn; nevertheless, as
the reader will observe, an appreciable amount
of significant data of this type is contained in
some of the papers. Developments in measure-
ment techniques were also not considered basic
to the main theme, especially since it was the
theme of the preceding Symposium. However,
because the subject remains of continuing
concern, one session was devoted to it.

Thus, the Symposium was organized into five
consecutive sessions along the lines just indi-
cated:

I. Fundamentals
II. Surface Effects
III. Measurement Techniques
IV. Space Environment Effects
V. Applications

Sessions I, 111, and IV included introductory
review papers by either the chairman or invited
speakers. Session I was conducted differently
from the others in that it took the form of a
modified panel discussion with short presenta-
tions by the chairman and the panel members,
followed by invited comments and then open
discussion. In the present Proceedings, how-
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Vi PREFACE

ever, this session 1s arranged similar to the
others, although some of the papers are quite
brief. The reader should note that although
the topics of the five sessions are fairly clearly
differentiated, material pertaining to any one
may be found in any of the others. A subject
index has been added to help the reader locate
desired information; in addition, the editor has
inserted a few footnotes calling the reader’s
attention to related papers in the Symposium.

These Proceedings contain all the papers
presented orally at the Symposium together
with the discussions that followed them, and,
in addition, nine papers that were accepted for
publication only. Each paper was reviewed
by the session chairman and by the editor, and

any apparent technical discrepancies were
called to the attention of the author for clarifi-
cation. As a further aid to the reader, the
editor has tried to achieve some degree of
uniformity in organization and format of the
papers- uf least to the extent permitted by the
subject matter, and he has also striven for
clarity and readability of the text. In this
task he has hud not only the cooperation of the
authors but also extensive help from the
Langley Technical Editing Section, the Langley
Library (where most of the cited references
were checked), and the NASA Headquarters
Technical Publications Branch.
S. KaTzoFF,
Editor.
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1. A Review of Some Problem Areas in the
Theory of Thermal Radiation of Solids

A. G. EMSLIE

ARTHUR D. LITTLE, INC., CAMBRIDGE, MASS.

This paper gives a discussion of three problem areas in the field of thermal radiation
of solids. The most basic problem is the calculation, from first principles, of the optical
constants n and k of homogeneous materials such as metals and dielectries. If this can be
accomplished, all the radiation properties of materials with smooth surfaces can be evalu-
ated by known methods. Another general problem area, involving statistical considera-
tions, includes theories of the radiation characteristics of rough surfaces, of inhomogeneous
materials such as powders, and of composite materials such as multiple radiation shields
with insulating spacers. The highly nonisotropic thermal properties of such radiation
shields cause great difficulties in connection with joints and penetrations. Closely spaced
solid objects, as in powders and shields, may involve unusual radiation transfer due to
near-field interaction. The third type of theoretical problem is one of computational com-
plexity rather than of principle and has to do with radiation and conduction interchange

on a macroscopic scale in complex structures such as space vehicles.

When the structure

containg many specularly reflecting surfaces the problem is beyond the power of present

techniques.

At the present time, experiment seems to be
running well ahead of theory in many areas
involving the thermal radiation of solids. New
emissometers are being designed and emittances
of a great variety of materials are being meas-
ured from 4° K to 3000° K. Flux-measuring
apparatus has been built and results are ac-
cumulating on the radiation transfer through
inhomogeneous media such as powders and ra-
diation shields. Finally, large space-simulation
chambers are being used to determine the tem-
perature distributions in full-size satellites of
highly complex geometry. But the published
reports on all these measurements rarely give
a comparison between experiment and theory.

The purpose of this paper is to examine the
theoretical difficulties in the three areas just
mentioned. The first of these difficulties has
to do with the fundamental physics of the
optical constants of homogeneous materials.
The second is concerned with statistical con-

New approaches are urgently needed in most of these problem areas.

siderations, as in the emittance of rough sur-
faces or the radiation transfer in inhomogeneous
materials such as powders. The third type of
difficulty is one of mathematical complexity as
in the calculation of satellite temperature
distributions.

THE OPTICAL CONSTANTS

Except for the very special case of metals at
low temperatures where the anomalous skin
effect becomes important, all the radiation
properties of smooth-surfaced homogeneous
materials can be calculated if one knows the
optical constants n and & as functions of wave-
length and temperature. The calculation of
emissivity, for example, is tedious but pre-
sents no problem to a computer.

The real problem is the calculation of the
complex refractive index n-ik for an electro-
magnetic wave passing through the material.
The electromagnetic wave in general interacts

3



4 FUNDAMENTALS

with the free electrons, the bound electrons,
and the nuclei. The interaction depends
strongly on the vibrations of the nuclei, which
are determined by the phonon spectrum of the
material. The phonons affect the electromag-
netic wave in a number of ways. They affect
the mean free path and the number of the free
electrons. They induce oscillating electric po-
larization of the medium by shifting the nuclei.
They control the line width of the bound elec-
tron resonances. These effects are in general
quite complex and difficult to calculate. Only
in some special cases, such as the far infrared
interaction with metals and the infrared spec-
trum of polar crystals, does theory give results
in reasonable agreement with experiment.

Metals

The well-known theory of Hagen and Rubens,
based on the d-c conductivity of metals, works
quite well at moderate temperatures and long
wavelengths. At very low temperatures, how-
ever, the electron mean free path becomes
longer than the radiation skin depth, and elec-
tron collisions with the metal surface then
determine the effective electrical conductivity
of the surface layer. This effective conduc-
tivity is less than the bulk conductivity and
therefore makes the reflectivity lower than the
value calculated by the Hagen-Rubens formula.
This theory of the anomalous skin effect gives
results in reasonable agreement with experi-
ment.

At short wavelengths the Hagen-Rubens
formula again breaks down because the radia-
tion frequency becomes higher than the collision
frequency of the electrons. The general dis-
persion formula of Drude takes the finite mean
free path of the electrons into account and also
includes the contribution of the bound elec-
trons to the complex refractive index. Roberts
has shown recently (ref. 1) that the observed
optical constants of any metal can be fitted
by Drude’s formula over a wide range of wave-
lengths if a few bound electron resonance terms
and at least two free electron terms are included.
It is impossible to obtain good agreement with
the optical constants and simultaneously with
the d-c conductivity if only one free electron
term is included. In terms of the modern

band theory of the electrons, there is no objec-
tion to more than one class of free electron in
& metal.

A further advantage of including more than
one free electron term in Drude’s formula is
that it appears to provide a good explanation
of the mysterious X-point in the spectral emit-
tance curves of inetals at different tempera-
tures. TFigure 1 shows the typical behavior of
the emittance curves of refractory metals at
various temperatures. The upward trend with
temperature at the longer wavelengths is easily
understood since the resistivity increases with
temperature, the optical constants therefore
become smuller, and the spectral normal emis-
sivity becomes larger, as seen from the formula

o 4n
ST )R

The temperature coefficient of the emissivity
should be positive for all wavelengths if the
free electron density is constant and the electron
mean {ree path decreases steadily with
increasing temperature.

S

2500°K
2000°K
RN 1500°K

N N
[ 1 2 3 4
Wavelength, mxcrans.

FiauRE 1.—Spectral emissivity of a typical
refractory melal.

The change to a1 negative temperature co-
efficient of emissivity at short wavelengths
can be explained if the second class of electrons
has a constant short mean free path and in-
creases in number with increasing temperature.
The effect of this is to increase the optical
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constants with increasing temperature and
thereby lower the emissivity. This second
class of electrons contributes only slightly to
the d-¢ conductivity but, on account of the
short time between collisions, interacts strongly
with short-wavelength radiation.

It should be remarked that Roberts’ explana-
tion of the X-point, although quite plausible,
is presented only tentatively. Other possi-
bilities exist, such as (1) the long-wavelength
tails of optical resonances, which should increase
with rising temperature as the resonances
broaden, or (2) the interaction of the electro-
magnetic wave with oscillating electric dipole
moments caused by phonon-induced charge
separation, which should also increase with
temperature. The theory of the optical con-
stants of metals cannot be regarded as com-
plete until the X-point problem is settled.

Nonpolar Insulators

The explanation of the optical constants of
nonpolar insulators is very difficult and seems to
involve charge separation induced by the
phonon spectrum. This problem has been
attacked quantum mechanically (ref. 2 and 3)
for crystals such as diamond and germanium,
with results that agree reasonably well with
experiment.

Polar Crystals

Only in the case of polar dielectrics like the
metal salts can the optical constants be cal-
culated with reasonable accuracy from first
principles. The reason is that the radiation
interacts primarily with the known permanent
electric dipole moments and excites vibrations
only in the optical branch of the phonon
spectrum.

Future Work on Optical Constants

From the foregoing discussion it seems likely
that, for the most part, one must be content
for a considerable time to come with only
measured values of the radiation character-
istics of solids. Of most value for ultimate
comparison with theory, and also for the com-
putation of such characteristics as emissivity
and reflectivity, would be the optical constants
n and & as functions of wavelength and tem-

perature. It is lioped that more determina-
tions of these constants will be made for the
wide range of materials now in use.

INHOMOGENEOUS MEDIA AND
STATISTICAL PROBLEMS

Although the optical constants n and k are,
in principle, all that one must know in order to
solve any radiation problem, in practice difficult
statistical considerations usually arise. Real
surfaces are invariably far from optically
smooth and the emittance depends sensitively
on the statistics of the surface contour, as well
ason n and k. In other situations the material
may be in the form of a powder instead of a
homogeneous solid, and statistics again enter
into the calculation of the radiation properties.

Rough Surfaces

Calculation of the effect of surface roughness
on emittance is a difficult problem which
involves the determination of the reflectance for
a parallel monochromatic beam of radiation at a
given angle of incidence on a medium defined by
certain values of n and & and having a surface
which is specified statistically. An insight into
the problem may be gained along the following
lines. Thereflection of the beam is a diffraction
problem in which the ratio of the wavelength to
the scale of the surface irregularities is a con-
trolling factor. [f the wavelength is large
compared with the irregularities, the reflection
from different areas of the surface is highly
coherent and the reflection is large and highly
specular. When the wavelength is short com-
pared with the irregularities, the reflection is
incoherent and therefore weaker and diffuse.
One would expect, therefore, that spectral
emittance or reflectance should correlate with
the degree of diffuseness of the reflected beam at
different wavelengths. An experimental test of
this expected correlation, for materials of vari-
ous values of n and k, would help to provide a
good background of data with which to esta-
blish a comprehensive theory of the effect of
roughness.

Another possible approach to the rough-
surface problem is to consider the emitted radia-
tion directly. The radiation flux density W in
the material is given by (ref. 4)
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W= w T
=i’

which, for large values of the optical constants,
is much larger than the blackbody flux density.
In the case of a smooth surface most of this flux
undergoes total internal reflection, but it never-
theless gives rise to an exponentially decaying
field (evanescent waves) outside the material.
If the surface is now roughened, the surface
irregularities, immersed in the evanescent wave
field, become sources of emitted wavelets in
much the same way as dust particles on a
totally reflecting prism allow some light to
escape. Thusagreater fraction of the internal
flux W escapes through the surface and the
emittance is accordingly increased.

Inhomogeneous Media

Another important problem with a statistical
basis is radiation transfer through inhomoge-
neous materials such as powder insulation.
The medium is characterized by an absorption
cross section per unit volume K (em™!), a
scattering cross section per unit volume S
(cm™'), and perhaps by an average refractive
index N. If these quantities can be de-
termined, the radiation transfer can be cal-
culated by the multibearn method first used
by Schuster long ago.

A simple case is that in which the medium
scatters the radiation with little absorption,
as when light diffuses through a cloud, a layer
of snow, or a layer of magnesium oxide particles.
Under these conditions the intensity of the
incident diffuse beam of light falls off linearly
with distance whereas a back-scattered diffuse
beam increases linearly, at the same rate, in the
opposite direction. The net light flux is in-
dependent of distance.

Another case is that in which the medium
absorbs and scatters but is kept too cold to
re-emit. In this case the intensities of the two
diffuse beams vary exponentially with distance
in accordance with the well-known equation of
Kubelka and Munk (ref. 5).

A third case is that in which the medium 1s in
local temperature equilibrium everywhere with
the diffuse radiation. Under steady-state oon-
ditions, with no thermal conduction, conserva-

tion of energy again requires that the radiation
intensity of the two beams vary linearly with
distance in one-dimensional flow. It follows
that the fourth power of the temperature of the
medium also varies linearly with distance, if the
medium is gray. This type of problem was
first investigated by H. O. McMahon (ref. 6)
for the case of radiative transfer in hot glass,
and later elnborated by R. Gardon (ref. 7).

Thus the radiation-transfer problem appears,
in general, to be readily soluble when the
constants K, S, and N are known. Even the
inclusion of thermal conduction presents no
particular difficulty. The hard part of the
problem is the calculation of the constants
themselves.

In the case of widely spaced particles, as in a
cloud, the Mie theory of scattering by spheres
can be used, with proper attention given to
multiple scattering, to derive K and S.  But for
particles in contact with each other, as in
powder, fiber, or foam insulation materials, the
Mie theory is unsuitable because the particles
interact strongly with each other and scatter in
coherent groups. What is needed is a radiation
theory analogous to the Bloch theory of the
free electrons in solids, in which the normal
modes are (raveling plane waves modulated
in amplitude with the periodicity of the lattice.
In the case of rudiation through a regular lattice
of partially absorping particles, the Bloch-type
functions will be damped spatially. In order to
evaluate K, S, und N one could resolve a given
plane wave packet into a superposition of these
Bloch-type normal modes, from which the rate
of decay, the rate of spreading, and the speed of
the packet can he calculated.

In the case of a lattice of transparent particles
of high refractive index, the Bloch radiation
modes would be expected to show strong con-
centration of cnergy flow through chains of
particles rather than in the spaces between
particles. ‘T'his effect will tend to reduce the
seattering constant S and therefore allow the
medium to transmit radiation more easily.
It is to be noted that the small contact areas
between particles do not impede the flow of
radiant energy as much as one might suppose
because of the strong near-field coupling across
the small gup surrounding the actual contact
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area. Near-field radiation should also enhance
conductive transfer through the particles by
removing a significant part of the contact
resistance,

The periodic-lattice model of a powder is, of
course, only an approximation to the real
situation, but the rather small difference in
the behavior of the free electrons in a metal at
the melting point suggests that the electro-
magnetic properties of random and periodic
distributions of powder particles may also be
quite similar.

Radiation Shields

An important special case of an inhomogene-
ous medium is a stack of metal radiation shields
separated by porous insulating spacers. The
contacts between shields and spacers may have
radiation-enhanced conductance as in the case
of powder contacts. Again, if the shields are
very closely spaced, near-field interaction can
in principle increase the radiation transfer rate
even above the blackbody rate (ref. 4).

Difficult theoretical and practical problems
arise when structural members or pipes have
to penetrate a radiation-shield insulating
blanket, owing to the large anisotropy of the
effective thermal conductivity of the blanket,
which is typically 10° times higher in the trans-
verse than in the perpendicular direction.
This problem is being investigated at Arthur D.
Little, Inc., for the NASA (ref. 8).

PROBLEMS WITH COMPLEX GEOMETRY

A very important type of problem involving
the thermal radiation of solids is the accurate
calculation of the temperature distribution in
highly complex systems such as space vehicles.
In a typical case several hundred temperatures
may have to be found as a function of the time.
This requires the simultaneous solution of
several hundred equations, the coefficients of
which are the radiative and conductive heat-
transfer coefficients between various zones of
the vehicle. The calculation of these transfer
coefficients is the biggest part of the problem
and often proves to be very difficult indeed,
especially with regard to the radiative exchange
coefficients.
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The radiation problem is relatively simple
when all surfaces are black. In that case the
transfer coefficients are merely the blackbody
view areas which are readily computed either
by formula or by direct integration.

The problem is somewhat harder when the
surfaces are gray diffuse reflectors but can,
under the assumption of uniform radiosity over
each surface, be reduced to the blackbody case
by means of an artifice due to Oppenheim
(ref. 9). The method consists of Imagining a
fictitious floating radiation shield to be placed
immediately in front of each surface. The
covered surface, which originally had an
emissivity of ¢, is now assumed to be black; and
the shield is black on the outward surface but
has an emissivity of ¢/(1—e) on the inward
surface. This combination emits the same
amount of radiation to a 0° black sink as the
original surface would by itself. The problem
is now solved with the temperatures of the
floating shields as extra unknowns. But simple
blackbody view areas can now be used for the
radiative interchange between the fictitious
shields, and the view areas between the shields
and the surfaces they cover can be written down
at once. Thus the diffuse reflection problem
merely requires solving twice as many simul-
taneous equations as the equivalent blackbody
problem.

The radiation-transfer problem becomes very
intractable when the reflection from the sur-
faces is partially specular. In special cases,
with only asmall number of flat specular surfaces,
the method of images can sometimes be used to
reduce the problem to that of black or diffusely
reflecting surfaces. But in the case of a large
number of flat specular surfaces or even a few
curved specular surfaces, no practical method
of ealculation appears to be available at present.

Basically, what is required in the general
specular surface problem is a way to calculate
the fraction of the radiation emitted by a given
surface A that is finally absorbed by each
surface of the system, including A itself. Per-
haps the only way to do this is to fall back on
a Monte Carlo method that simulates on a
computer the emission, reflection, and absorp-
tion of photons by the various surfaces. The
generation of a random number by the computer
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selects a point on surface A. Other random
numbers select the direction of emission of a
group of photons in accordance with the known
angular emission function for the surface. The
group of photons is projected on the computer
until it strikes a surface, whereupon a certain
fraction of the photons, determined by the
known angular absorptance of the surface, is
recorded as absorbed by the surface. The
remaining photons are reflected mathematically
by the surface and the path is projected to the
next surface. This procedure is continued until
all photons are absorbed. A new point on
surface A is then selected, a new angle of
emission is selected, and the performance is
repeated. This is done enough times to give
good average values of the transfer coefficients
from surface A to all surfaces. The same thing
is done for emission from all the surfaces.
Some checking of the statistics of the procedure
will be obtained from the principle of reciprocity
which states that the matrix of the transfer
coefficients should be symmetrical. Some
studies of the Monte Clarlo method have already
been published, as for example, reference 10.
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DISCUSSION

JoserH RicamonDp, National Bureau of Standards:
I would like to ask a question with respect to the equa-
tion W=[n{/(n?+k?]eTs If you are considering total
radiation, what n do you use, since n is generally a
function of wavelength?

Emsuie: This equation could be used for total radia-
tion only for the ‘‘gray’’ case, where n and k are both
independent of wavelength. For the general case, n
and k are functions of A\, and oT* should be replaced
by the blackbody function.

H. E. BENKETT, Michelson Laboratory, U.8. Naval
Ordnance Test Station: I think that the technique of
calculating the emittance of a material from band
theory has real promise, and considerable progress is
being made in this direction. However, [ would like
to point out that there is a factor which is very im-
portant and which is usually overlooked, particularly
for highly absorbing materials such as metals and semi-
conductors in the intrinsic region. This factor is the
amount of surface damage which the material has
suffered; it is especially significant for materials which

have high extinction coefficients. The optical pene-
tration depth is very small, so that all the emission
or reflection occurs in the surface layers. Theoretical
calculations assume a perfect lattice. When you have
surface damage, you no longer have a perfect lattice
and the actual optical properties can therefore be very
different from the calculated properties. (In this con-
nection, I would like to suggest that perhaps we should
talk about emittance rather than emissivity for very
smooth surfaces as well as for rough ones.) It is pos-
sible to show theoretically that, until one reaches a
point at which multiple reflections must be considered,
the total hemispherical emittance is independent of
surface roughness. The reason the emittance changes
for a rough surface is not because of surface roughness
(up to the point where multiple reflections must be
considered) but hecuuse of the surface damage intro-
duced in the process of making the surface rough.

Ewmsiuie: 1 think that I would agree with all that you
have said about that, but I did not discuss it because
it is too complicated to even think about.
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G. A. Zemuavr, IIT Research Institute: 1 am
particularly interested in your comments on Mie scatter-
ing. We are working with carefully sized silver halide
as a model for scattering studies. This is an extension
of Berry’s work at Eastman Kodak. We have found,
as he did, that the Mie theory does hold down to small
center-center separations. In fact, it holds quite
closely for carefully sized particles down to about 14
diameters separation. T think we see the real problem
when we start working with a polydisperse system, that
is, where we are working with a multiplicity of sizes.
The interesting thing here, of course, is that we may be
able to determine the multiple scattering with this type
of system by the application of computer techniques.

EmsLie: T would like to ask whether you have any
experience with particles that are actually in contact.

ZERLATUT: Not yet, and right now we are attempting
to elucidate the concentration effect by working with
more and more concentrated solutions and arrays.
We have prepared both of these—solutions and arrays
in gelatin—and so we obtain both transmittance and
reflectance spectra.

Emsuie: The reason I asked about that was that the
evanescent wave that surrounds each particle does not
go very far out; it goes out only a fraction of a wave-
length, for the peak of the blackbody curve. You
could have particles separated by a diameter or two
without having too much interaction. It depends
upon the gize of the particle relative to the wavelength,
of course, as to how far this fringing or evanescent wave
field extends beyond the surface of the particle.

R. L. Cox, Ling-Temco Vought: We have done some
work on coatings for the highly transparent region with
particles touching, We have found that a “fudge
factor’”’ developed by Blevin and Brown, reported in
the Journal of the Optical Society of America, does
fairly generally account for the proximity effect, and
we have been able to predict the back scattering and
reflectance within a few percent.

Ewmsuie: T wonder what that fudge factor depends on.
That is what you have to calculate next.

Cox: The fudge factor in this case is given by a
series ol curves of reflectance versus proximity. It was
obtained for one material, and it works very well for
others.

Donarp Koch, North American Aviation: Did you
indicate that the flux inside complex mediums could be
much higher than in a normal medium, in which the
index is not complex?

EwmsLie: No, I meant that it would be higher than
the blackbody flux in a vacuum. This is true even in
glass, of course, when there is no k. You then have n?
times the blackbody flux; for example, if n is 2 you get 4
times the blackbody flux density in the glass.

Kocn: The Born and Wolf table (Principles of
Optics, Pergamon Press, 1959) indicates what the
complex index of refraction might be in many complex
mediums. The value of k is usually quite a bit larger
than n, and this would indicate to me that this factor
might quite often be less than 1.

Emsuie: If & were much bigger than n, this could
be true, unless n itself were very big. If n were very
big, even when k is bigger, the n* in the numerator
can still predominate. The actual number you come
out with depends on the actual values of both n and k.

Kocu: I remember some k values as much as 2 or
3, with n very close to 1.

EmsLie: But there will be other situations. One
can have all kinds of values for mediums other than
metals, in which n could be large and k small—as in
glass.

DonaLp BurkHarp, P.E.C. Research Associates:
Some work we have done at P.E.C. is relevant to
questions raised this morining. Our work is described
in the paper by Ashby and Schocken in this symposium.
I would therefore like to describe that part of our
work which relates to the basic assumptions under-
lying Kirchhofi’s law (that emissivity is cqual to
absorptivity) and the Stefan-Boltzmann law (H
=¢sT¥). Both of these hold for equilibrium conditions
but are commonly applied to nonequilibrium situations.
For example, the Stefan-Boltzmann law is used to
calculate heat loss from a satellite to outer spacc
which is at & mueh lower temperature than the satellite.
This is a nonequilibrium situation, and the usual
law is not valid.

We believe that we now know how to calculate
radiative heat transfer under such nonequilibrium
conditions. Physically, the basic thing which is not
taken into account in the application of the usual
Stefan-Boltzmann T* law is that the radiation field
external to the emitting solid, if it is at a lower tem-
perature than the solid, does not stimulate as much
radiation in the emitting body as would be stimulated
if the body were in a radiation field at a temperature
equal to the temperature of the emitting solid. One
obtains a correction to the oT* law which involves
a function of the ratio of the temperature of the en-
veloping radiation field to the temperature of the
emitting solid. When 7 of the radiation field is
quite a bit smaller than the 7 of the solid, the heat
flux radiated from the solid is about 7 percent less
than that predicted by the Stefan-Boltzmann law.

EMsLiE: That is a very interesting bit of work. I
suppose that in the type of problem I mentioned pre-
viously, concerned with radiation exchange within a
satellite, where the temperature differences are not
very big—perhaps 20° at 300° K—this effect would
not be large.

Burkuarp: If one has a body at room temperature
radiating to absolute zero, the usual ¢ 7' law predicts a
rate of heat loss about 7 percent greater than will
actually occur. Thus, one should expect space probes
to run hotter than previously estimated. We are
currently carrying out calculations for smaller tempera-
ture differences and various geometries. The basic
concept is interesting because it involves a completely
new approach to the problem of radiative heat transfer.
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Equations are presented for the spectral emissivity of metals as a function of angle
and plane of polarization based on the Drude free-electron model taking electronic relaxa-

tion into account.

than now exist for the total normal and total hemispherical emissivity of metals.

These equations are integrated to obtain more general expressions

Total

emittance measurements have been made on tungsten, tantalum, niobium, and molybdenum.
These are compared with the theoretical emissivity equations, and a qualitative, but not

a quantitative, agreement is found between them.

It is necessary to take other factors

into account in order to explain the observed emittance data.

There are two theoretical equations devel-
oped by Foote (ref. 1) and by Davisson and
Weeks (ref. 2) which relate the total normal
and the total hemispherical emittance of metals
to their electrical resistivity. In the derivation
of these equations, it was assumed that the
mean free time between collisions of the
electron and the lattice is small compared with
the period of the electromagnetic wave. This
assumption is not completely valid for metals
throughout most of the wavelength region in
which they emit thermal radiation. In this
article a general expression for the spectral
emissivity is written down and integrated over
all wavelengths and angles to obtain equations
for the total normal and the total hemispherical
emittance which take the relaxation time of
the electron into account.

The total hemispherical emittance and the
total normal emittance were measured on
clean specular surfaces of tungsten, tantalum,
niobium, and molybdenum over a temperature
range of 1000° to 3000° K (depending on the
material); and the electrical resistivities of the
metals were also measured over the same
temperature range. The total hemispherical

emittance was obtained from the measured
power dissipation within the uniform temper-
ature region of an electrically heated ribbon
specimen. The temperature was measured
with tungsten/tungsten, 26-percent rhenium
thermocouples which had been specially cali-
brated. The total normal emittance was
determined with a radiation thermopile. The
ratio of total hemispherical emittance to total
normal emittance was also calculated directly
from the angular distribution obtained by
rotating the ribbon within the field of view of
the thermopile. The data so obtained have
been compared with the results predicted by
the theoretical equations referred to above.

Direct measurements of the normal spectral
emittance out to 5 p are now being made on the
refractory metals by using three metal ribbons
to form a closed tube of triangular cross section.
The radiation from a small rectangular hole
in one of the ribbons is compared with the
radiation from the surface adjacent to it with
a Perkin-Elmer double-pass monochrometer
as in the method used by De Vos (ref. 3).
These measurements will be made for wave-
lengths up to 25 u as a function of angle for

11
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both planes of polarization. The spectral
emittance data will be compared with the
results predicted by the theoretical spectral
emissivity equations. The data will also be
integrated with respect to wavelength to deter-
mine the total emittance, which can then be
compared with the total emittance values
already measured directly.

The study of emissivity can provide addi-
tional insight into the microscopic phenomena
occurring in solids, particularly near their
surfaces. While the spectral emissivity is
capable of providing a more detailed picture,
the total emittance, particularly the total
hemispherical emittance, in many cases can be
determined much more readily and more
accurately. Any complete theory of emissivity
must be able to predict the total emissivity and
its variation with temperature. Furthermore,
from an engineering point of view it is the
total hemispherical emittance which is usually
of primary concern in matters that involve
radiant heat transfer.

SYMBOLS
a Relaxation parameter, 1.31 X 101r T=y/z
C Planck’s first radiation constant
C, Planck’s second radiation constant
c Velocity of light
D Complex dielectric constant
D' Real part of dielectric constant
D Imaginary part of dielectric constant
€ Electronic charge
i vy=1
J Spectral intensity given by the Planck distribu-

tion, radiant power per unit area per unit
wavelength interval

J [(14y3)Vi—y]2

m Mass of the electron

N Number of free electrons per unit volume

T Absolute temperature

xz Cz/)\T

Yy wT

Z, Defined by the equation e,=2/(1+Z,)

Z, Defined by the equation ¢,=2/(1+Z,)

. Total hemispherical emissivity

€, Spectral hemispherical emissivity (including
both planes of polarization)

€y Total normal emissivity

€, Spectral emissivity (electric vector normal to
the plane of emergence); e, is a function of @

€n Spectral hemispherical emissivity (electric vector

normal to the plane of emergence)

€0 Normal spectral emissivity (including both
planes of polarization)

€, Speetral emissivity (electric vector in the
plane of cmergence); e, is a function of 6

€on Speetral hemispherical emissivity (electric vector

parallel to the plane of emergence)
Angle of incidence or emergence of radiation
Wavelength
Electrical resistivity
Stefan-Boltzmann constant
Eleetronie relaxation time
Angular frequency of the electromagnetic wave

£ 4+ a0 ¥ >

BACKGROUND

The thermal radiation from a solid surface
can best be described in terms of its absolute
temperature und its emittance. If the surface
is black, that is, if it absorbs all of the energy
impinging upon it, it will radiate in accordance
with the following laws of blackbody radiation.

(1) Stefan-Boltzmann law: The total radi-
ant power emitted per unit area is given by
H—=o¢T* where ¢ is the Stefan-Boltzmann
constant and 7 is the absolute temperature.

(2) Planck's law: The spectral distribution
of the radiation in radiant power per unit area
per unit wavelength interval is given by

J==C\78 [exp (CoAT)—1]""

where (', and ¢} are Planck’s first and second
radiation constants and A is the wavelength.
(3) Lambert’s cosine law: The intensity of
the radiation is proportional to the cosine of
the angle of emergence. From this law it fol-
lows that the total normal and the spectral
normal intensities in units of radiant power
per unit area per steradian and radiant power
per unit area per unit wavelength interval per
steradian are equal to H/x and J/, respectively.
(4) The intensity of the radiation at any
angle is independent of the plane of polarization.
Emittance is the property of a real surface;
it is the ratio of the rate of emission of radiant
energy from the surface to the rate of emission
from a blackbody radiator at the same temper-
ature under the same conditions. Emissivity
is & fundamental property of a material and is
numerically equal to the emittance of a speci-
men of the material that has an optically
smooth surface and is sufficiently thick to be
opaque. [t is further assumed that the surface is
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free from contamination and that the crystalline
structure, and its defects adjacent to the surface
are the same as those of the interior. The
emittance and emissivity can be either normal,
angular, or hemispherical, depending upon
whether the comparison with the black surface
is of the intensity radiated normal to the surface,
of that emitted at some other angle, or of the
power radiated over all angles. They can also
be either spectral or total, depending upon
whether the comparison is made with mono-
chromatic radiation or whether it includes the
radiation at all wavelengths. These param-
eters will in general be different for each plane
of polarization, except for normal emergence.

General expressions will be developed in this
article which relate the spectral emissivity to
the complex dielectric constant. These equations
will be written down specifically for metals,
making use of the complex dielectric constant
which takes the electronic relaxation time into
account. An equation for the total normal
emissivity will be obtained by integrating the
intensity at normal emergence over all wave-
lengths and dividing it by the normal black-
body intensity. An expression for the total
hemispherical emissivity will be found by
integrating over all angles for each plane of
polarization as well as over the entire wave-
length range.

SPECTRAL EMISSIVITY

Consider, first, a homogeneous and opaque
solid at a uniform temperature 7 with a per-
fectly specular surface. Blackbody conditions
exist in the interior of the solid and blackbody
radiation impinges on its inner surface. A
fraction R of this radiation is internally re-
flected and a fraction e=1-—FR escapes, where
¢ is the emissivity.

In texts on optics or electromagnetic theory
(vef. 4) the reflectivities are given by

_sin’® (6—¢)
" sin? (0+¢)
__tan® (6—¢)
" tan’ (9+¢)

and

where R, is the reflectivity for radiation whose

electric vector is normal to the plane of inci-
dence, R, is the reflectivity for radiation whose
electric vector lies in the plane of incidence,
6 is the angle of incidence, and ¢ is the angle
of refraction. According to Snell’s law, sin
§=n sin ¢, where n is the index of refraction,
which is equal to the square root of the di-
electric constant D for insulators. The reflec-
tivities in terms of the angle of incidence are
given by

__|cos —(D—sin? g)!72)? (1)
" |cos §+ (D —sin? §)1”
and
__|D cos —(D—sin* §)'/*|? @)
? D cos 8+ (D—sin? §)' 7

These expressions are satisfactory for an absorb-
ing medium if the dielectric constant is con-
sidered to be complex so that D=D’+4iD"’.

Since e=1—R, some algebraic manipulation
of equations (1) and (2) leads to the following
expressions for the emissivity for radiation
polarized normal and parallel respectively to
the plane of emergence:

2 2 .
en=m e”:1+Z,, (3)

where Z, and Z, are given by

_ (D’ —sin? 6)*+ D' 2] 2+ cos? 6
" V2 cos8[((D’ —sin? 02D ' D2 L D —sin? 0(];/)2
_ (D' —sin?6)'+- D’ "*|2 4 (D'* 4 D""?) cos?
" \/icos 8((D” —sin28)*+ D’ '2) 12’2

D) H(D—sin?6) (D' *—D' %)
+20y D’ ’3)2

(5)

In this article the classical contribution of the
free electrons to the emissivity of metals is
considered. The effect of the bound electrons,
the internal photoelectric effect, and the
anomalous skin effect will not be treated. The
spectral emissivity equations taking the elec-
tronic relaxation time of the free electrons into
account are developed here.

From Mott and Jones (ref. 5) the dielectric
constant of a metal, considering only the free
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electrons, is given by

4wNe'r*
m(w?7?41)

. 4rNeétrjw

D=1~ t m(a?r?41)

since D=n?—k*+2 ink, where n is the index
of refraction and k is the index of absorption.
N is the number of free electrons per unit
volume, e is the electronic charge in stat-
coulombs, 7 is the relaxation time, m is the
mass of the electron, and « is the angular

frequency. This can be written
Yyt 41rf\7({ T
D=1—1{1r"m W (6)

where y=wr. Since the electrical resistivity
p (in statohm-centimeters), is equal to

m
P=m (7)

and w= (2xc)/\ where A is the wavelength and
¢ is the velocity of light, then D=1—[(y+?)/
(L-+y)1(2/e)(Ap). If N is expressed in centi-
meters, and p in ohm-centimeters, then in

y+1 60A
144 »
where D is dimensionless, the

having units of ohms™
equations

D=1— (8)
constant 60
From the preceding

2xem

Y=wr=
where Vis the atomic volume, S is the effective
number of free electrons per atom, and again
p and X are in ohm-centimeters and centinieters.

In order that the first term, 1, on the right-
hand side of equation (8) and the term sin® 8 in
equations (4) and (5) be negligible, either
[1/(14+y")1(60Np) >>1, 0

[y/(1+y2)](60)\/p)>>1
About 99 percent of the thermal radiation from
a black surface occurs for AT greater than 0.13,
so the inequality

pT<<1_|_ or e T<<1;:g (10)

is & necessary condition if equation (8) is to
hold. When y is small the first inequality holds

adequately well for all of the metals. When
y is large, the second inequality becomes
pT<<<7.8/y. Usually V/Sis about 10 so that
1/y=10%\ and the second inequality simplifies
to T<<10,000° K. This temperature is based
on the short-wavelength limit at A7T=0.13.
At AT for the maximum of the spectral dis-
tribution T7</<15,000° K. If these approxima-
tions are assumed to hold, y=D'/D"” and
equations (4) and (5) can be rewritten as

1+y [ )1/2 (14921
v2j (O(D\ {cos §)~!

60N \!? (cos 8)
( ) (1+y2)l/4] (11)
1+y1)1,x 1/2 (1_+_1/ 1/4
[(hox) cos 8
cos #

() (] 02

j=1(1 41 5=yl #so that 1/j=[(1+y")"*+y]'™

(13)
Since

PN s (@)“2 .
(60)\) (1A < 2 Ty

except for very large values of y, which are not
of concern here, the normal-emergence value
of Z, which is the same for both planes of
polarization, is given by

where

t=2 (M) Lt (9
and the normal spectral emissivity is given by

23 o ()
=1 30N

(15)

€= (;ox “’ o

TOTAL EMISSIVITY

The spectral distribution of intensity normal
to the surface of u perfectly black radiator in
radiant power per unit area per unit wavelength
interval per steradian is given by
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LS @]

Integrating equation (16) over all wavelengths
gives the radiant power per unit area per

steradian:
[ 2G4 (T
(17)

where = (C}/15)(x/(,)"is the Stefan-Boltzmann
constant.

In order to determine the total normal
emissivity it is necessary to multiply the
spectral emissivity, equation (15), by the
normal Planck distribution, equation (16),
integrate over all wavelengths, and divide by

cT/x. That is,
eon)\

aT‘f s

e >3p) CRIE

=] p=]1
m/2 1 nC’z
(36) " e (57

By letting z=0C,/T

v =29 i;\::f (—1)m+ijm

oT
300,

)"' g3t ™2 exp (—nz)dz (18)

It is useful first to consider the case where the
electronic relaxation time can be neglected.
In this case j=1, and equation (18) becomes

_@ N —_1\m+1 pT "2 ”
o C T |
™D exp (—nz)dr (19)

e P05
_1)m+1 )
= 3002 n=1 4+(m/2)

=0.578(pT)'*—0.178(pT)
40.0584(pT)32— ... (21)

This result is identical with that of Foote except
that it takes into account one more term which
is needed at larger values of p7. The coefficient
of the third term for the total normal emissivity
was erroneously given as 0.044 in the article
by Davisson and Weeks (ref. 2).

As it is given in equation (13), j and its
second and third powers make equation (18)
unwieldy to integrate. Therefore, the follow-
ing approximations to 7, 5%, and j®, designated
as Jx, 7%, and jx® respectively, were used to
simplify the integration.

7.=0.430 exp (—1.05y)+0.330 exp (—0.245y)
+0.240 exp (—0.0207y) (22)

=0.700 exp (—1.32y)+0.240 exp (—0.31y)
+0.060 exp (—0.043y) (23)

72=0.560 exp (—2.43y)+0.400 exp (—0.79y)
+0.040 exp (—0.125y) (24)

The accuracy with which these three expres-

sions approximate j, 7%, and 7 over the signifi-

cant range of y is demonstrated in table I.
From equation (9)

y=wr=2—ﬂ;c rTr=azx

where a=1.31X10"7T and 2= C:/AT. The prod-
uct 77 is independent of wavelength and only
mildly variant with temperature for the metals.
This quantity, derived by using equation (7),
is tabulated in table II. The values listed in
this table are bulk properties and may be
different at the surface where the radiating
properties are controlled.

When j=1, the first three terms for the total
normal emissivity are then given as:

_30 %
(30(,2) zf 25:4(0.43 exp [—(n

+1.05a)z]40.33 exp [— (n+0.245a)x]

+0.24 exp [ —(n+0.0207a)x] }dx

430 (;on) 5 f

+1.32a)x]40.24 exp [~ (n+0.31a)x]

{0.70 exp [—(n
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TabLE L.—Comparison of j, i1, j» and j; with Approzimate Values Given by Equations (22), (23), and (24)

v i Je Error, j Je? Error, | j ¥ Error,

percent percent percent
0 1 1 0 1 1 0 1 1 0
0.1 0. 950 0. 949 0. 11 0. 903 0. 907 0. 44 (). 858 0. 857 0.12
.2 . 905 . 905 0 . 820 . 823 .37 . 742 . 728 1. 89
.4 . 822 . 819 .37 . 677 . 684 1. 03 . 556 . 542 2. 52
.6 . 751 . 751 0 . 565 . 574 1. 89 . 425 . 417 1. 88
.8 . 692 . 693 .14 . 480 . 488 1. 67 . 333 . 330 . 90
1.0 . 642 . 642 0 . 413 . 421 1. 93 . 265 . 266 .38
1.2 . 600 . 602 .33 . 360 . 367 1.94 | .216 . 219 1. 39
1.4 . 565 . 566 .18 . 320 . 320 0 b8l . 184 1. 65
1.6 . 535 . 535 0 . 286 . 287 .35 . 153 . 1568 3.27
1.8 . 510 . 508 .39 . 260 . 2569 . 38 . 133 . 135 1. 50
2.0 . 486 . 485 .21 . 236 . 234 .85 . 115 117 1. 74
4.0 . 351 . 351 0 . 123 . 119 3. 25 . 0431 . 0420 2,55
6.0 . 288 . 288 0 . 083 . 083 0 . 0239 . 023 .42
80 . 249 . 249 0 . 062 . 063 1. 61 . 0154 . 0155 . 65
10. 0 . 223 . 224 .45 . 0499 . 050 .20 . 0111 . 0115 3. 60
15.0 . 182 . 184 1. 10 . 0333 . 033 . 90 . 0061 . 0061 0

20.0 . 158 . 160 1. 27 . 025 . 025 0 . 0039 . 0033 15. 4

25.0 . 141 . 143 1. 42 . 020 . 0205 2.5 . 0028 . 0018 37. 7

30.0 . 129 . 129 0 . 0167 . 0166 . 60 . 0022 . 0010 54. 6

+0.06 exp [—(n+0.043a)x] }dx

30 /2 m @ s
<3002> 2 x*%{0.56 exp [—(n

+2.43a)x]+0.40 exp [—(n+0.79a)x]
40.04 exp [— (n+0.125a)z] }dz. (25)

The integrals appearing in equation (25) and
their solutions are of the form

I'(z+1)

J; x* exp [—(n+k)x]d —( +k)z+l

The quantity

50)7

can be approximated for z=3.5, 4.0, and 4.5
by the functions

+)

qls.5=(1‘|'k)_4'33, ¢ o=(1+k)*%,
and q’4.5=(1+k)_5'38.

The accuracy of this approximation is demon-
strated in table I1I.

These relationships can be used to evaluate
equation (25) in terms of the emissivity in the
y=0 case. Hence

. 0.430
VLI H1.050) B

0.330
(140.2450)" %

+

0.240

+<1—+07)50'753m] 0.578(e )"

[ 0.700
(+1.32a)" %

0.240
(140.31a)*®

+

0.0600

0.560 0.400
+[(1+2 0 T 170700

0.0400 3
+ 4T 0. 155" 38] 0.0584(pT)** (26)

which can be written
en=0.578p,(pT)' " —0.178p.(pT)

+0.0584p5(pT)**  (27)
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TaBLE I1.—Relazation Times and Electrical Resistivities ai Room Temperature.

-, *T, 2, (o/T)1f3,
Metal sec deg-sec a ohm-cm (ohm-cm/deg)i/?
(lo—lﬁ)‘ (10—1!)‘ (10—4)0
Lithium__________._ 8.6 2.3 0. 30 9.2 1. 77
Sodium.___________ 31 8.5 1.1 4.7 1. 27
Potassium__________ 44 12 1.6 6. 6 1.5
Rubidium__________ 27 7.4 .97 12. 5 2. 07
Cesium____________ 21 5.7 75 19. 9 2. 61
Copper ... 27 7.3 .96 1.72 .77
Silver__________.____ 41 11 1.5 1. 59 .74
Gold_ __.__________ 29 7.9 1.0 2. 44 .91
Nickel.___________._ 9.8 2.7 . 35 7.8 1. 63
Cobalt_____________ 9.2 2.5 .33 9.8 3. 34
Tron._____________. 24 6. 6 . 87 10. 0 1. 85
Palladium__________ 9. 2 2.5 .33 11. 0 1.94
Platinum__________ 9.0 2.5 .32 10. 0 1. 85
*Multiply each value in column by this factor.
where the multiplier function p is tabulated in +0.00234 (o T))%/
table IV and plotted as a function of a in fig- a=1.5 e=0.175(pT)!?—0.0153(oT)
ure 1. Values of a for several of the metals are +0.00128(pT)%2
listed in table II.
. . . (28)
Equation (27) can now be written explicitly
for the va,lues. of a used in table IV which These equations are shown graphically in
includes essentially the whole range of a values figure 2. The factor (pT)!2 is conveniently

encountered in metals. For

written as (p/T)'?T, where (p/T)!/? is only a
mild function of temperature and is listed for

=0 ey=0.578(p7)"*—0.178(pT) o2  several of the metals in table II.
+0.0584 (o T) In order to get the total hemispherical
=02 ey=0.403(oT)!">—0.0826(pT) emissivity we must go back to the equations of
+0.0165(p T)*'? spectral emissivity as a function of angle and
plane of polarization. From equations (11)
=05 e=0.290(o7)'2—0.0417(pT) and (12) we can write:
+0.00606 (p T)3/2
7. —A (i +&30)
2=1.0 e=0212(pT)'"—0.0219(o7T) - cos6' B
TaBLE III.—Comparison of Approximate Functions
k L L LN 7o 205 T
0. 02 0. 915 0. 918 0. 907 0. 908 0. 898 0. 899
.05 . 805 . 810 . 787 . 789 . 767 . 769
.10 . 659 . 662 . 627 . 629 . 598 . 598
.20 . 452 . 454 . 411 . 412 . 374 . 374
. 50 . 173 . 173 . 140 . 140 . 113 . 113
1. 00 . 051 . 050 . 036 . 035 . 025 . 024
2. 00 . 009 . 009 . 005 . 005 . 003 . 003
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TarLE 1V.—Values of the Multiplier Functions py, ps,and

FUNDAMENTALS

ps for a Range of Values of the Relaxation Parameler a

a n 1p2 ‘ ps3
0.0 1. 000 1. 000 ] 1. 000
.2 . 697 . 464 ! . 283
.5 . 501 . 234 | . 104
1.0 . 367 . 123 . 040
1.5 . 303 . 086 . 022
Z,=A (B cos o+, -—
P B cos @
where

A=@ 1= (1 1y a= U

B 60N\ /2 1
( P ) (1+yH'"

Hence, from equations (3)

and

2B cos @
*= B cos 0-- AB*+ A cos? 0 (29)
2B cos @ (30)

>~ B cos 0+ AB? cos? 0+ A

ER FLNCTION (P}

< Q2 o4 CE o8 10 e 14 16 '8
RELAAATON PARANMETHS Q)

Ficure 1.—Multiplier functions.

In all cases B*>>>cos 6, so that ¢, reduces to

~ 2Bcos ¥
““ " Becos 0+AB

(31)

The spectral hemispherical emissivity Is
defined by

x/2
€] = f {entep) 42'];(:05 6 2x sin 6.d6 (32)

)

A fraction 1/{2x) of the radiation from a blackbody
appears in # unit solid angle normal to the
surface for each plane of polarization. The
energy radiated per unit solid angle is propor-
tional to the cosine of the angle for each plane
of polarization for radiation from a black

surface. Considering each plane separately,
€nn | €
a=He
where
ean _ [ cos® 6 dcos 8 33)
4B J, B cos 0+AB? .
em_ ! cos? 8 dcos (34)
4B~ ), Bcos8+-ABcos? 6+ A
oat—
c3r
> Q-0
% o0z
a-15
[oRN =
Y <
o} Ql 2 G323 04 05 06 o7 o8 09

'
SGJARE 2000 OF RESISTIVITY TIMES TEMPERATURE (OHM CM ek 12

Fioure 2.— Total normal emissivity.
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The integration of equation (33) leads to

€an_1 2 ‘ 1
o —AB+(4B) log<1+AB

If the logarithm is expanded,

3B 4 <AB) (AB) +-

which is equal to
m_i P 5 J P 3/2
43 (:sox) <3o>\)+ (30)\ +

The integration of equation (34) yields

ei,,___( ) L 1—24°
4 AB \4B 08 BT in

2AB+1 _
—tan™! (4A2 1)1/2]}

1
[tan (4A2 1)”2
_l(Ly
2\AB

35)

which is equal to

o (som)lﬂﬂ (3ox)
{2 0v0
oo (2 7]
—tan"f} }—-g (ﬁ)sm-i- N

(36)

Before proceeding further, the equation for
the total hemispherical emissivity, e, will be
derived on the assumption that the electronic

relaxation time is negligibly small. In this
case y=0 and j=1 so that
172 372
—4'_3 (3())\) 4(.;ox)+ (sox)
(37)

7-Gon) 2 (o) e ()
4 30/ 23

—% (ﬁ)ﬁu e T

8(30)\)1/2 (2+1 60)\)(30)\>
-3 (W"x) o

(39)

Enh € h
€, —pa

The spectral hemispherical emissivity must be
multiplied by the Planck distribution, inte-
grated over all wavelengths, and divided by the
total radiation from a blackbody to determine
the total hemispherical emissivity. Thus,

" JdN 1 7
eH:J; e:;T* _aT"f & 33 5_‘, exp( )d)\
(40)

By the previous substitution x=Cy/A T,

8 172 60p2 PTII
(soc) _<2+lg o7 o8 T) 300

pT )3/2 3/2
5 300,) °

or simply

er=Apx'?—Byz+ Cgz log 2— Dy z*?
where
60(",

1/2
(3002) B”“(2+1 oT

v _( oT _3 _pz)
(H‘ 30(72> DH—5 30n2
and
énz%fm(Aﬁxllg_B”x—i_(‘y”x log z
a2 ),

—Dy??) 2 Z exp (

n=1

—nx)dr
Since

G
ax

o‘:

o'l"

4

T en— A,,f 235 3 exp (—nz)dr
15 0 n=1

—Bgfmx‘ i exp (—nz)dz
0 n=1
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+(’,,f ztlog ‘2‘_, exp (—nz)dzx
0 n=1
—DHJ‘QI*"" é exp (—nx)dz
0 n=1

4
;'—5 en—=Ag] — BaI1+ Cy111—DyIV

The solutions of I, IT, and IV are

1= TW5)_ 19 964
n=1 T
o 4!
=3 *—24.885
=t N
=3 185 _5; 649
n=1 1%

If Z=na,
III=i‘ f z* log z exp (—nz) dz
a=t Jo
21
=2,

n=1 'n5

[f°° Z4log Z exp (—Z) dZ
0
—logn f Ztexp (—2) dZ]
0

Integrating by parts gives
fm Z4log Z exp (—Z) dZ
0
=f° log Z dfz* exp (—2) dZ
0
=log Z fZ‘ exp (—2)dZ |y
—r > fz* exp (—2Z) dZ dZ
0
— —log Z exp (— Z)\(Z+4 2P 412724242
20+ f " exp (—2) (za+422+1zz+24
0

+2-:-) dZ=—24log Z exp (—2Z)|g + (3

+4(2!)+12(1!)+24+24fm %exp (—2) dZ
0

=—24log Z exp (—=2Dly

+50-+24 log Z exp (—Z)|y
+24f: log Z exp (—Z2) dZ

=50+424({—0.577)=236.15

and
log n [ ZeZ dZ=41logn=24logn
JO

so that

= 36.2—24logn
e

=3 36.8
1

Finally,

15
Eyz—ﬂj

—0.766(pT) "2 —(0.309—0.0889 log pT)eT

(Agl — Byll+ Cyl11—=DylV)

—0.0175(pT)¥*+ . .. (41)

where it has been assumed that C3=1.439.

This result which was obtained by a direct
integration of the angular distribution of the
spectral emissivity should be compared with
the equation of Davisson and Weeks (ref. 2)
which was derived by the integration of an
artificially constructed function to represent
the angular distribution of the spectral emissiv-
ity. They found that

en=0.751(pT) *—0.632 (pT)+0.670(pT)**

—0.607(pT)* (42)

Although this equation gives values that are
in good agreement with those given by equation
(41) for pT values up to 0.1, it is not useful at
much larger values of pT because it does not
converge rapidly enough. Schmidt and Eckert
(ref. 6), also using graphical integration, ex-
pressed their result as two binomials, for two
ranges of p7,

0 pT<0.2 e4=0.751 (pT)'2—0.396pT
0.2<pT<0.5 en=0.608(pT)2—0.266pT (43)

In treating the general case where y =0 the
total hemispherical emissivity is again given by
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1 [ .
f @—;”dex

r == ——
2 eTh o

=l§ et em s z® Z} exp (—nzx)dzx
~Jo T2

and from equations (35) and (36)

l/2 T
£ = we__2f P
‘” n-lf { '3002 T (300,)’

[§+log 60C;—log pT—log z—% log (1434

3/2
—g 7 (38—22) x%? }:c3 exp (—nz)dz (44)

where tan~! [2(30)/p)!"%j+5°] has been expanded
to yield (x/2)— (p/300N)12(1/25)+ . by as-
suming in this case that 2(30)/p)!2> >j.

By comparing the first term of equation (44)
with the first term of equation (18) it can be
seen that the first term of the total hemispheri-
cal emissivity will always be 4/3 times that for
the total normal emissivity regardless of the
relaxation time. The other terms for the total

[l

TOTAL HEM SPRERICAL EMSS Y Ty

h
(i Sl o7 03 na 05 06 o7 c8 | C9
SQUARE ROOT OF BESISTIVITY TIMES TEMPERATURE [ OHM CM oK }?

F1aure 3.—Tolal hemispherical emissivily.

hemispherical emissivity are calculated by a
combination of graphical and analytical tech-
niques similar to those used previously for the
total normal emissivity and for the zero relaxa-
tion time case for the total hemispherical
emissivity.

The results are presented here for the same
five values of a as those used for the total
normal emissivity.

For a=0,

eg=0.766 (pT)'*— (0.309—0.0889 log pT)pT
—0.0175(p77)32

For a=0.2,

ex=0.534(oT)'?— (0.218—0.0411 log oT)pT

+0.0141(pT)*?

For a=0.5,
e=0.384(pT)'*—(0.172—0.0208 log pT)pT
+0.0306(p7")%"

For a=1.0,
exg=0. 281(pT)”2— (0.153—0.0109 log oT)pT
+0.0461(pT)37

For a=1.5,
eg=0. 232(pT)”2—(0 148—0.0076 log pT)pT
+0.0570(pT)% (4

These equations are plotted in figure 3.

TOTAL EMITTANCE MEASUREMENTS
Radiation Measurements

The total hemispherical emittance was de-
termined by measuring the temperature and
the power dissipation in the uniform tempera-
ture region of an electrically heated ribbon
specimen. Simultaneously, the angular dis-
tribution of radiation from the specimen was
measured with a calibrated total-radiation
thermopile, from which the total normal
emittance was determined. The details of the
experimental apparatus and techniques have
been described previously (ref. 7 and 8).

Figure 4 is a photograph showing the ribbon
support structure and other pertinent com-
ponents within the vacuum chamber. The
total emittances of four refractory metals
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Ficure 4.—Ezxpertmental apparatus.

measured with this technique are presented
with a discussion of the problem of temperature
determination above 2000° K.

Temperature Determination

The radiant energy emitted by a polished
metal surface is proportional to about the
fifth power of temperature since, in the equa-
tion H=egzoT*, the total hemispherical emit-
tance ey is roughly proportional to the tempera-
ture. Accordingly, the temperature is by far
the most important variable in any radiation-
transfer problem. Unfortunately, its impor-
tance is only exceeded by its difficulty of
measurement, particularly in the region above
1800° K. Excellent results had been obtained
with platinum thermocouples up to 1800° K
in previous phases of this project; and it was
hoped that refractory-metal thermocouples
(tungsten/tungsten, 26-percent rhenium) would
provide accurate measurements of temperatures
up to 3000° K. Unfortunately, the accuracy
and reproducibility were found to be far
below that necessary for accurate emittance
measurements.

Tungsten/tungsten, 26-percent rhenium ther-
mocouples 0.005 inch in diameter (hereafter
designated as W/Re) were obtained from two
manufacturers. The first type (referred to as
type A) was supplied with a calibration up to
2800° C. The second (referred to as type B)
was supplied with a notary-certified calibration
up to 2300° C. The type A thermocouple was
tried initially on a tantalum ribbon. The wires
were attached by drilling 0.005-inch holes in
the center of the ribbon about 2 mm apart,
inserting the wires through the holes a short
distance, and then squeezing the wire by peen-
ing the ribbon around the wire with the aid of a
punch with rounded nose and a center hole to
accommodate the end of the wire. Excess wire
was then clipped off. Measured total and
spectral emittance values were found to be
completely unrealistic. Similar measurements
with other ribbons of the same material gave
emittances that were not only unrealistic but
not reproducible.

The same problem was encountered with type
B thermocouples; however, in this case the
emittance values at temperatures up to 2000° K
appeared at least reasonable, although some
nonreproducibility was still noted. Some rib-
bons were then instrumented with both type A
and type B W/Re thermocouples, as well as
with a platinum/platinum, 10-percent rhodium
thermocouple. Up to 1800° K, type B agreed
reasonably well with the platinum thermo-
couple, whereas type A deviated considerably.
Emittances calculated from the platinum-
measured temperatures were quite within
expectation.

It was evident that a complete calibration
of the W/Re thermocouples was necessary
before they could be used. A tantalum cylinder
% inch in diameter and % inch deep was
instrumented with type A and type B W/Re
thermocouples. Two platinum/platinum, 10-
percent rhodium thermocouples, one a 0.005-
inch working thermocouple and the other a
0.008-inch calibrated standard, were also used.
Blackbody holes 0.016 inch in diameter were
drilled at various places in the surface. The
assembly was placed in the coil of an induction
heater and heated in vacuum up to 1800° K.
A microoptical pyrometer was used to monitor
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the temperature in the blackbody holes. Tem-
perature readings of the pyrometer, the two
platinum thermocouples, and the type B
W/Re thermocouple agreed well within +1
percent over this range, whereas type A
deviated as much as 80° C. The platinum
thermocouples were then removed, and the
comparison was extended to the highest tem-
perature obtainable in the furnace, 2100° K.
Type B and the pyrometer remained in agree-
ment to within 4-1 percent whereas type A
continued to show large deviations. Although
the temperature limit was far below the 3000° K
desired, and the thermocouples were not tested
in their normal mode of operation (attached
to the ribbon), this calibration at least elimi-
nated one of the theremocouples from further
consideration.

In order to calibrate the thermocouples in
their normal mode of operation, it was necessary
to determine the spectral emittance of tantalum
as an intermediate step. A tantalum ribbon,
1 em wide, 6 inches long, and 0.005 inch thick,
was folded longitudinally to form a triangular
prism with sides approximately % cm wide.
The length of the prism was about 4 inches.
Several 0.005-inch and 0.010-inch holes were
drilled into one side to serve as blackbody holes.
The prism was instrumented with type B W/Re
thermocouples and aged at 2400° K for 15
minutes,

Measurements of true temperature, bright-
ness temperature of the tantalum surface, and
thermocouple output voltage were made from
1000° K to 2800° K. The true temperature
was obtained by sighting the optical pyrometer

L
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F10URE 5.—Spectral emittance of tantalum at 0.65u.
757-044 O-65—3

at the blackbody holes; the brightness tempera-
ture of the surface was taken adiacent to the
holes. The resulting spectral emittance at 0.65
micron is plotted in figure 5. The upper
temperature limit was set by the evaporation of
the tantalum above 2800° K, which produced
sufficient coating on the viewing port to prevent
turther optical pyrometer observation. A
calibration was also obtained for the attached
thermocouples, although another check was
still necessary for the thermocouples in their
normal mode of operation (on a flat strip).

As an added complication, two identical
microoptical pyrometers, one recently acquired,
the other on hand for 2 years or more, were
compared and found to differ by as much as
1 percent in their indicated temperatures. The
error was largest in the range of 1800° C to
2200° C. Below this temperature they were
nearly identical in calibration. Above this
range there was an error but not as serious.
These pyrometers have now been recalibrated
at the Naval Ordnance Laboratory at Corona,
Calif,

Another 6-inch section of the ribbon identical
to that which had been formed into the prism
was instrumented and aged as before; however,
this time the section was used as a flat ribbon.
Brightness-temperature measurements, and the
calibration data of figure 5 were used to obtain
the true temperature, and the thermocouple
was  again  calibrated, with results nearly
1dentical to those of the previous measurement.
Hence, a calibration was obtained for type B
W/Re thermocouples from 1000° K to 2800° K
in their normal mode of operation, The
previously  mentioned nonreproducibility  of
emittance data was essentially eliminated by
adopting one thermocouple attachment tech-
nique, out of the many tried, that guve repro-
ducible results. This technique consisted of
inserting the thermocouple wire through the
hole in the ribbon, then spreading the end
of the wire slightly, and pulling the wire
vigorously back into the hole. The wedging
was sufficient to hold the wire, and the attach-
ment eliminated the ribbon deformation eaused
by peening. Results of manv measurements
confirm the reproducibility of this method.
The calibration was within  +1 percent of
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that supplied with type B thermocouples
up to 2150° K. Above this temperature
the deviation increased rapidly; it was 90°
at 2600° K. In the following description of
results, the over-all temperature accuracy Is
estimated to be within 41 percent to 2800° K
and +1.5 percent from 2800° K to 3000° K.
A calibration for the range from 2800° K to
3000° K was obtained by various means of
extrapolation. Measurements on tungsten, de-
scribed in the following section, added confi-
dence to this extrapolation.

Results
TANTALUM

The total hemispherical emittance and the
total normal emittance of tantalum, plotted
against temperature, are presented in figure 6.
The data points for the hemispherical emit-
tance represent measurements from four dif-
ferent samples using both brightness tem-
perature and thermocouple data to determine
emittance. At low temperatures tantalum
exhibits a gettering action for gases in the
vacuum system, with a corresponding increase
in the hemispherical emittance, shown by the
short dashed line between 1200° K and 1500° K.
If the emittance is measured on a fresh unaged
tantalum ribbon, it will follow the dashed line
to about 1500° K where the gases will be driven
off resulting in a sudden drop in the emittance
to the solid line. Measurements above this
temperature appear quite stable. 1f, after
aging, measurements are made below 1500° K
with dispatch, the data will fall on the solid
line. However, if a temperature below 1500° K

Ficure 6.— Total emtttance of tanialum.

is maintained for an extended period the
emittance returns to the dashed line (rate de-
pends on pressure). The gas absorption and
liberation can be noted on the vacuum gage
connected to the measuring chamber. A sep-
arate study of emittances would be advised for
those interested in long-term heat-transfer
properties helow 1500° K.

The total normal emittance shown in figure
6 is calculated from the ratio of total hemispheri-
cal to total norimal emittance determined from
relative angular distribution measurements
every 300° K from 1200° K to 2400° K. At
the time that angular distribution measure-
ments were being made on tantalum, the
thermocouple had not yet had an absolute
calibration check so that no total normal
emittance values were determined based on
absolute normal radiation. The spectral emit-
tance at 0.65 micron is determined with the
aid of true and brightness temperatures ac-
quired during the prism thermocouple cali-
bration and plotted against temperature in
figure 5.

NIOBIUM

A gettering action similar to that observed
with tantzlum is exhibited by niobium except
that the transition, or outgassing, temperature
appears to be 1400° K. This effect can be
seen in figure 7, which shows total hemispherical
emittance und total normal emittance plotted
against lemperature up to 2400° K. Evapora-
tion prevented measurements above this tem-

CLATRE AT

Ficure 7.— Total emittance of niobium.
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perature. The total normal emittance was
determined from calibrated thermopile measure-
ments. True temperatures for the niobium
measurements were determined with the ther-
mocouples calibrated as previously described.

TUNGSTEN

Considerable effort has been expended by
other investigators in studying the thermal-
radiation properties of tungsten, with much of
the impetus coming from its use by the lighting
industry. Consequently, the relation between
brightness and true temperature, as determined
by Roeser and Wensel and shown in the survey
by Gubareff et al. (ref. 9), has been used to
obtain the true temperature in this research.
Concurrently, however, the calibrated type
B W/Re thermocouple was also used.

The total hemispherical emittance, which is
quite sensitive to temperature differences,
has about +5-percent spread with both
temperature-measuring techniques, as can be
seen in figure 8. The emittance determined
with the brightness temperature (data points
indicated by circles) appears generally to be
a few percent higher in the middle and upper
temperature regions. Considering the prob-
lems associated with the thermocouples at
high temperatures, and the possible nonequiva-
lence of the tungsten surface used in this
investigation and that of Roeser and Wensel,
this difference is not surprising. The un-
certainty in optical-pyrometer temperatures in
the vicinity of 2100° K, pointed out in the

FIcure 8.—Total emittance of tungsten.

section on temperature determination, could
contribute to the wider spread in this region.
The reasonable agreement of the results ob-
tained by the two techniques was the basis
for using brightness-temperature data to help
extrapolate the thermocouple calibration from
2800° K to 3000° K. The tungsten samples
used were aged at 2400° K for approximately
30 minutes. The total normal emittance shown
in figure 8 was determined with the calibrated
thermopile.

MOLYBDENUM

The measurements on molybdenum preceded
those on the other metals just discussed, and
were made In an earlier apparatus which was
originally used for studies of platinum (ref. 10).
At first a very high emittance was observed.
Although it was quite stable, it was later de-
termined to be due to the formation of molyb-
denum carbide, Mo,(", possibly caused by back-
streaming of the vapor from the oil diffusion
pump. The coating still formed at 10~® torr,
but at that pressure it was possible to obtain
meaningful emittance measurements provided
that they were made rapidly enough.

Figure 9 illustrates the change in emittance
with time as well as temperature on a typical
specimen. The average time between measure-
ments was about 1 minute. By the time of the
fiftth measurement there was apparently some
increase in emittance due to the coating. After
10 minutes at 1300° K the emittance reached
the nearly stable upper curve of emittance
versus temperature. The points 1, 2, 3, and 4
are characteristic of the emittance of a polished
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surface. The points 9 through 26 establish
the emittance of a surface with a nearly stabi-
lized coating of molybdenum carbide. The
difficulty arising from this conting was one of the
reasons for designing the new emittance cham-
ber which was used for the other three metals
(ref. 11). The overall accuracy of the total-
emittance values quoted for the four metals is
+ 5 percent.
ELECTRICAL RESISTIVITY

Because of the importance of the electrical
resistivity in the theory of emissivity, the varia-
tion of this propertvy with temperature was
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Figure 10.— Total normal emitiance of various metals.

measured (ref. 7 and 11) for all four metals over
the complete temperature range of the emit-
tance measurements. These values were used
to determine the abscissas in figures 10 and 11.
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Figure 11.—Total hemispherical emittance of variows
metals.

SPECTRAL EMITTANCE
MEASUREMENTS

The previously described experimental appa-
ratus has been modified slightly to facilitate
spectral emittance measurements on the refrac-
tory metals, The specimen configuration is a
long triangular tube formed by clamping three
ribbons together at the ends to form a 60°
triangular prism. In order to insure that the
three edges of the prism remain closed, it is
wrapped with fine tungsten wire. A small
1X3 mm rectangular hole in one face of the
prism serves as the reference blackbody. A
Perkin-Elmer double-pass infrared spectrom-
eter is used, and the external optics allow the
blackbody hole and the face of the sample
adjacent to the hole to be focused alternately
on the entrunce slit of the spectrometer. In
this way a direct comparison may be made of
the radiation from the metallic surface with
that of a blackbody at the same temperature.
The technique is similar to that used by De Vos
in his determination of the normal spectral
emittance of tungsten between 0.25 and 2.5
microns (ref. 3).

At present the measurements are being made
between 0.6 and 5.00 microns; the long-wave-
length limit is determined by the sapphire
window in the vacuum chamber and the lithium
fluoride prism in the spectrometer, and the
short-wavelength limit is determined by the low
energy available there. A photomultiplier is
used as the detector from the visible to | micron,
and a thermocouple is used as the detector
beyond 1 micron. The present studies are of
normal spectral emittance only; however, the
angular rotation capabilities of the ribbon
mount permit hemispherical spectral emittance
measurements to be made. These will be in-
cluded in future studies in which the wavelength
range will be extended to 25 microns and the
angular distribution will be determined for each
plane of polarization. Since the prism is instru-
mented with thermocouples and voltage probes,
the total hemispherical emittance can be ob-
tained both from the power measurement and
from the integral of the spectral emittance over
the significant wavelength region and over all
angles in both planes of polarization.
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Tungsten has been used for the initial study,
in order that comparison of the results with the
reliable data of De Vos (ref. 3) might provide
an evaluation of the performance of the system.
Agreement has been within a few percent in
the region from 0.6 to 2.5 microns.

DISCUSSION OF DATA

The total normal and total hemispherical
emittance data obtained on this project uare
plotted against the square root of the electrical
resistivity multiplied by the absolute tempera-
ture in figures 10 and 11.  Data from the recent
thermal radiation survey of Gubareff et al.
(ref. 9) are also included; these data were
reported for polished surfaces with no additional
characterization. The interesting features are
the wide spread of data points, particularly
at low values of o7, and the qualitative agree-
ment with the theoretical (dashed) curves
through an extended range of p7. These
curves are taken from figures 2 and 3 for the
a=0 case. In figure 10 the dashed curve
provides about as good a fit as possible for the
plotted data. This may seem surprising since
it has been shown previously in this article
that the finite relaxation time should reduce
the total emissivity of all the metals by about
30 to 70 percent as indicated in figures 2 and 3.
However, there are some compensating factors
which serve to increase the emissivity. The
resistivity at the surface will be higher than
in the interior due to scattering of the electrons
by the interface and by imperfections in the
lattice induced by surface preparation. The
absicissa in figures 10 and 11 is calculated from
the bulk resistivity. The emissivity depends
upon an effective value of the resistivity within
the penetration depth of the electromagnetic
wave, which is of the order of 1000 A at the
peak of the spectral distribution. At very
low temperatures the mean free path of the
electron may be greater than the penetration
depth and the effective resistivity becomes
very much higher. This phenomenon is re-
ferred to as the anomalous skin effect (ref. 12).

It is only the transition metals which have
high values of pT’; the high values are due to
their high melting points and relatively large
electrical resistivities. Both of these charac-

teristics depend upon the fact that electrons
are both in the incompletely filled d shells of
these atoms and in the s shells in the next
higher energy level. The transfer of electrons
between these shells gives rise to the absorption
and emission of radiation in the near infrared
and can contribute to the spectral emissivity at
short wavelengths and thus to the total emis-
sivity at high temperatures.

The equations developed in this report ignore
the effect of the bound electrons which become
important at short wavelengths where the
effect of the free electrons becomes much less
pronounced. Corrections need to be applied
to the total emissivity at high temperatures in
order to take these electrons properly into
account.

Some work has been done elsewhere (ref. 13)
in trying to correlate theory and experiment by
assuming the existence of different relaxation
times for various groups of free electrons in the
same metals.

As for the spread of data, which is particu-
larly severe at low values of (p7)%, this is due
to several general causes. The extent of the
corrections just discussed is different for each
metal. The specimens measured may not have
been ideal in the sense of complete freedom from
thin surface films, imperfections behind the
surface, or surface roughness. Emittance meas-
urements are difficult to make and experimental
errors can be quite large. Very accurate tem-
perature determinations are required unless the
blackbody reference standard is automatically
at the same temperature as the specimen.
Small percentage errors in reflectance can re-
sult in large percentage errors in emittance if
the indirect reflectance measurement technique
is used.
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DISCUSSION

H. E. BENNETT, Michelson Laboratory, U.S. Naval
Ordnance Test Station: I would like to make one
comment that may give some hope for the theoretical
calculation. The Hagen-Rubens relation is derived by
assuming that n and k are equal, which is true only
for very long wavelengths. With decreasing wave-
length the Hagen-Rubens relation gives higher emit-
tance values, or lower reflectance values, than are
obtained by using the exact theory. However, if
surface damage is present, the measured emittance s
higher, and the measured reflectance s lower than

would be true for an undamaged sample. Therefore,
although the Hagen-Rubens relation does not have a
good thcoretical justification in short-wavelength re-
gions, it frequently fits the experimental data better
than does the exact theory.

Parker: Surface damage is certainly one of the
things that should be considered. Several additional
factors are involved in this wavelength range, but all
of them scem to average out and the data approxi-
mately follow the eurve based on the assumption that
the relaxation timme is equal to zero.



3. Far-Infrared Spectra of Solids

JAMES R. ARONSON AND HUGH G. McLINDEN
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The techniques and experimental results of a study of the far infrared properties of some
solids at temperatures down to 6.5° K are presented. The materials studied include sapphire,
quartz, strontium fluoride, barium fluoride, germanium, silicon, stainless steel, chromium,

an aluminum alloy, and a magnesium, alloy.

The radiation properties of solid materials in
the far infrared region of the spectrum are
important in applications involving low tem-
peratures. The reason is that at low tempera-
tures, the blackbody spectrum shifts to long
wavelengths, as can be seen in figure 1. There-
fore, the bulk of emitted radiation from a low
temperature body in space will take place in
a relatively ill-explored spectral region. It is
apparent from these curves that, in addition to
the long-wavelength shift, the total power is
so low that it would be impossible, within the
current state of the art, to directly record
spectral emissivity at very low temperatures.
While total emissivity ! can be recorded calorim-
etrically, measurements of the spectral dis-
tribution of the emissivity must be obtained
indirectly. This can be accomplished most
simply by taking advantage of the simple
relationship e=1—R for opaque materials
(where ¢ is the emissivity and R is the reflec-
tivity). Unfortunately, when the reflectivity
is high, small inaccuracies in its measurement
lead to rather large errors in emissivity. When
the absorption coefficient k is small, it can be
measured directly by transmission methods
using different crystal thicknesses, and if the

! The terms emissivity and reflectivity will be used
in this paper in preference to emittance and reflectance
ag, for the spectral region in question, the wavelength
is so great as to render the surfaces of these homogene-
ous substances optically smooth.

refractive index n is known, R can be computed
from the Fresnel equations; for example, at
normal incidence

(=12

(1R
The complicated general formulas for any angle
of incidence are given in reference 1.
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Fiaure 1.—Blackbody radiation spectra.
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The present paper describes reflection and
transmission measurements on a variety of
solids in the far infrared region of the spectrum
at temperatures down to 6.5° K. The reflection
measurements have been made at 45° incidence.
At this angle, the normal reflectivity can be
approximated by

kAR,
2

for any value of n or k>1.

EXPERIMENTAL TECHNIQUES

While far infrared spectroscopy has been a
field of study for many years, the inherent
difficulties of working in this spectral region
have considerably slowed progress and, there-
fore, relatively few materials have been studied.
Some advances have been made in the field in
recent years but the principal problem, that of
obtaining reasonable amounts of energy, has
still to be remedied. This has led spectro-
scopists to utilize the sensitive but very tem-
peramental Golay pneumatic cell as a detector.
Low temperature detectors are beginning to
be employed (ref. 2) as they have still greater
sensitivities (NEP of approximately 10-'2 watt/
cps'?). As there are no prism materials for
wavelengths beyond about 50 u (200 em™"), it
is necessary to use gratings in order to scan the
spectrum in this region unless one works with
an interferometer. A bonus of enhanced reso-
lution is obtained by using gratings instead of
prisms and the general rule is that an improve-
ment of a factor of approximately 10 is achieved.
Unfortunately, the use of a grating requires
heavy filtering in the system. This can be
understood quite simply in terms of the grating
equation

mi=d (sin i -+sin r)

where d is the line spacing, m is the order, ¢
and r are the angles of incidence and diffraction,
and A is the wavelength. At any given position
of the grating, the product mM is constant.
Therefore, the higher the order, the lower the
corresponding wavelength. The effect of this
is that the orders pile up at the same angular
position and, because of the much greater
intensities of short wavelength radiations from

M22
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MONOCHROMATOR

FILTER POSITIONS-M2, C, M4, M6, ASSEMBLY

Wi, W2, M7

Ficure 2.——Optiral layout— Perkin-Elmer model 201-C
spectrophotomeler.

blackbody type sources, extremely efficient fil-
tering is mnecessary. An indication of the
seriousness of the problem is given by Lord and
MeceCubbin (ref. 3).

The various types of filters used to remedy
this difficulty include transmission filters,
reststrahlen crystals, scatter plates, filter grat-
ings, and selective choppers. These techniques
are all discussed in detail in comprehensive
papers by Lord and McCubbin (ref. 3) and
Yoshinaga et al. (ref. 4). In figure 2 the optics
of our spectrometer are shown and the filter
positions are indicated. Various combinations
of filters are installed at these positions, depend-
ing on the spectral region to be examined. The
spectrometer range from 14.5 to 200 ¢ (690 to
50 em™!) is covered in seven sections, each of
which requires different optical components.
The different regions are indicated in the figure
by means of vertical dashed lines. The spec-
trometer wus modified by adding a reflection
attachment and a positioner for the Hofman
helium research dewar, both of which were
designed and built in our laboratories. The
dewar has four window positions located 90°

LIQUID HELIUM LEVEL WINDOW HOLDER-BRASS
OPTICAL WINDOW
o STUPAXOFF TERMINAL .

(S
LEVEL PRESSURT. RELIEF
HEAD

b 284" =
NOTES
ALL MATERIALS SST EXUEFT AS NOTED
ALL SURFACES FACING YACUUM ARE GOLDPLATED
CARCITY - 15 UTER LIQUID NITROGEN
125 UTER LIGUID HELIUM

FiGuRE 3.— Heltum research dewar.
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F1GURE 4.—Spectroscopic apparatus.

apart, in which we use 0.8-mm-thick high-
density polyethylene. The dewar is shown in
figure 3 and the entire apparatus in figure 4.
We constructed a small copper crystal holder
for use with the low temperature dewar.
Crystals of 0.8-inch diameter are mounted in
this holder by means of a preloaded copper
strap under tension in order that good thermal
conductivity will be maintained upon cooling
to low temperature.

The temperature of operation is measured
by mea.s of a carbon-composition resistor
installed at the base of the dewar. Previous
measurements with gold-cobalt alloy thermo-
couples manufactured by the Sigmund Cohn
Corporation established that there are no
temperature gradients between the bottom of
the dewar and the center of a poorly conducting
sample (for example, stainless steel). The
resistor was calibrated by means of one of
these thermocouples, which, although not
absolutely calibrated themselves, could measure
small deviations from liquid helium tempera-
ture as their thermoelectric power is adequately
known for use in our method. A thermocouple
and the resistor to be calibrated were assembled
n close proximity on a long probe which was
inserted directly into liquid helium. This
established the liquid helium temperature
point. A small heater was then placed directly
over the resistor-thermocouple assembly which
was lowered into the cold helium gas above the

Fraurg 5.—Probe and accessory heater.

liquid while the reference junction of the
thermocouple was immersed in the liquid. The
probe and accessory heater are shown in figure
5. Measurements of the resistance versus emf
at various heat inputs were made. The
thermocouple readings were taken as true
temperatures referred to liquid helium and
a smooth curve was drawn through the
measured resistances.

RESULTS

The optical properties of solids in the far
infrared region of the spectrum vary from the
opaque, highly reflective metals, adequately
understood in terms of the Hagen-Rubens
theory, to highly transparent materials such
as polyethylene and diamond. Most dielectrics
and semiconductors lie between these two
extremes, and their study gives interesting data
relating to lattice dynamics and crystal forces.
This type of study is particularly useful at low
temperatures where simplifications occur that
render these highly complex subjects more
tractable.

Our measurements on steel, magnesiuim,
aluminum, and chromium are shown in figures 6
to 9. The aluminum alloy was run at room
temperature, using a gold electroplated disk
of brass for a background. The results showed
the aluminum to have 100 percent reflectivity
throughout the spectral region studied, so it
was used as our reference standard. As can
be seen from these plots, small differences in
the reflectivities of these metals exist but,
because of the estimated +5 percent error
limitation, little significance was ascribed to
these differences. All of our samples were
0.8-inch disks of a few millimeters thickness.
The steel, aluminum, and magnesium were
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F1GURE 6.—Far infrared reflection spectrum of type 304
stainless steel.

cut out of blocks previously studied in the near
and intermediate infrared by Blau et al. (ref. 5).
Their data are included in the figures for com-
parison purposes. The small discrepancy can
be accounted for by the fact that their data were
corrected for the approximately 98 percent
known reflectivity of gold. The chromium
sample was an electroplated layer on a stain-
less-steel disk.

According to the Hagen-Rubens theory (ref.
6) when w<p, the following simple expres-
sions result:

4]

nk = 2K0(4J

where o, is the d-¢c conductivity, « is the fre-
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Ficgure 7.—Far infrared reflection spectrum of magnesium
alloy.
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Figure 8. —Far infrared reflection spectrum of 2024 alu-
minum alloy at 8.5° +£1° K.

quency, p is the damping coefficient, and «
is the electric permittivity of free space. At
very low frequencies, these equations require
n?—k? to remain constant while nk grows large.
Therefore, n~4k, so that

_{ %0 %
kﬁ(?xow

For wavelengths of approximately 100 u, k
becomes quite large and the reflectivity may
be calculated from

2
R~1_E

In figures 10 und 11 are shown the far infrared
reflection spectra of sapphire and quartz. Both
of these muterials are oriented so that their
optic axes are perpendicular to the plane of the
crystal in order to minimize polarization effects.
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Fioure 10.—Far infrared reflection spectrum of alumina (Z-cut sapphire).

The overall spectrum of sapphire is quite com-
plex and appears to differ substantially from
the values of the absorption maxima of 328
em™!, 244 cm~!, and 194 cm~! reported by
Parodi (ref. 7). Strong (ref. 8) deduced three
reflection maxima, at 434 em~!, 340 to 370
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em~! and 192 em™'. As can be seen from the
figure, we find values close to the first two of
these but not the third. There is, of course, a
large maximum around 460 ¢cm™'.

Our low temperature results on sapphire show
increased sharpness and a high frequency shift
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F1cure 11.—Far infrared reflection spectrum of silica (Z-cut quartz).
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Fioure 12.—Far infrared reflection spectrum of strontium fluoride.

of most reflection maxima. The disappearance
of upper stage transitions (hot bands) which
would occur on the low frequency side of a
band and the increased force constants in-
volved in a contracted lattice at low tempera-
tures can both be invoked as explanations of
these phenomena. The increase in intensities
at low temperature is again presumably due to
the loss of upper stage transitions, resulting in
a greater number of systems existing in the
ground states and, hence, nvailable for those
particular transitions.

Our long wavelength transmission measure-
ments on sapphire are in accord with Loewen-
stein (ref. 9), who measured its optical properties
between 10 cm™' and 80 cem™' interfero-
metrically. Interference fringes were observed
in our thin samples of sapphire in the 70 to
100 cm ™! region. They give a value of 3.09 for
the refractive index of a crystal with its c-axis
parallel to the beam direction. Loewenstein’s
value for n,,4 is 3.14. A crystal oriented with

the c-axis perpendicular to the beam direction
gave less regular fringes, which we thought was
due to the additional factor of n.,, which Loe-
wenstein gave as 3.61.

Our data on quartz at room temperature
agree generally with those of Spitzer (ref. 10)
in the region of overlap, but our measurements
at greater wavelengths have turned up an ad-
ditional reflection maximum. The low-tem-
perature spectrum shows considerable interest-
ing detail. The large reflection centered
around 480 c¢m™' appears to split into two
rather broad bands. The maximum at 396
em™! splits into two with the second rather
sharp penk appearing at 387 cm ' The
262 cm” ! peak shifts to 267 cm™! and sharpens
considerably. All maxima increase in inten-
sity, as is common for essentially ionic ma-
terials, and the same explanations can be used
as were used for sapphire.

The reflection spectra of strontium fluoride
(SrF,) and barium fluoride (BaF,) are shown
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FrouRrEe 13.—Far infrared reflection spectrum of barium fluoride.

in figures 12 and 13. The room temperature
data are in reasonable agreement with the data
of Mitsuishi et al. (ref. 11) and of Kaiser et al.
(ref. 12). The low temperature data show the
usual high frequency shifts, increases in in-
tensity, and some indications of splittings.

We have made transmission measurements
on germanium and, by using two different
crystal thicknesses and assuming the cancella-
tion of reflection losses, have obtained the k
curve shown in figure 14. For covalent ma-
terials, there is an intensity decrease on going to
low temperatures; but the usual shifts and
sharpenings of peaks can be seen. The mul-
tiple peaks near 347 em™! can be accounted for
by various combinations of fundamental
phonons according to the data of Brockhouse
(ref. 13) using the theory of Lax and Burstein
(ref. 14).

The absorption at 100 cm ™! in germanium has
been ascribed to impurities in the lattice (ref.
15), but our measurements show this band in
the very pure samples obtained from Knapic

Electrophysics, Incorporated. These samples
are claimed by the manufacturer to have about
1.5X10" impurity atoms/cc. The resistivity
of this p-type material is 50— 56 ohm-cm.

Our low temperature silicon transmission
data are shown in figure 15. Room-tempera-
ture measurements (not shown) are similar.
They were extended out to 75 em~! and showed
the transmission to remain about 50 percent to
that point, with some very small variations
except for a weak absorption at about 165 em—,

By means of interference fringes, we have
measured the far infrared refractive index of
both germanium and silicon at room tempera-
ture and the refractive index of germanium at
7.5° K. The constancy of our fringe spacing
over the very small peaks in this region seems
to indicate essentially no refractive index change
due to absorption, and so we felt justified in
using the simple relationship

1
T 2tAy

n
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100 : . .
o where ¢ is the crystal thickness and Av is the
AT 7005 K fringe spacing. Our results for germanium at
A-1.02 mm thick 7.5° K are n=3.98 +£0.02 between 150 and
80¢ B-204 mm thick 225 em~" and n=3.90 £0.02 between 250 and
A 425 em~'. At room temperature, we obtained
8 n=3.98 1 0.02 between 70 and 120 cm™'. For
@ 60} silicon we obtuined 3.41 +0.03 between 50 and
s B 90 em~! and between 345 and 385 em~!.  These
%’ values are in reasonable agreement with an
E 40| extrapolation of the results of Simon’s work
(ref. 16), considering the scatter in his data.
= This investigation was sponsored by NASA
5 under contract NAS-8-2537 and by the Air
g 207 Force (‘arbridge Research Laboratories under
& I contract AF 19(604)-8504.
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DISCUSSION

Frep VanpERscHMIDT, Lyon Research Corporation:
I notice that all of your reflectance data are referred to
Al-2024. May we assume that Al-2024 is uniformly
reflective and highly reflecting over this range?

ARroNBON: Yes. Idid not show a slide of this because
it is rather uninteresting. We decided originally to
refer everything to gold; but when we measured gold
against the Al-2024 we found it so flat and so close to
100 percent that we decided to use the aluminum as a
standard, because it would take handling a little better
than the gold, which was an electroplated surface. It
seemed to be perfectly flat. There are measurements
which indicate that gold has 98 percent reflectivity, but
they have not been extended into the far infrared. You
may have noticed on one slide I showed of the reflec-
tivity of metals that there were some data, obtained by
Dr. Blau some time ago, which were very slightly below
ours; the difference can be accounted for by the fact
that he had corrected for the literature value of 98 per-
cent reflectivity of gold, which is available in the region
he studied.

FLorENCE NEsH, National Weather Satellite Center:
I would like to know the thicknesses of the samples that
you used in your transmission studies of the semi-
conductors.

ARronNsoN: The thickness ranged between 1 and 2 mm
for the semiconductors. I might add that they are the

only materials for which these thicknesses are con-
venient. For diclectrics such small thicknesses are
needed that it becomes more convenient to make reflec-
tion measurements unless one uses powder samples.

Nesu: Did you do any transmission work with
thicker samples?

ARONSON: A run on silicon was tried with a 13-mm
piece because the absorption that we found at around
165 wavenumbers was so weak that we were in doubt
as to its reality. Dr. Hunt, who is now at the Air Force
Cambridge Research Laboratory, had also found some-
thing of the sort, but with our thicknesses it did not
show up clearly, so we ran this rather thick piece and
found that the absorption is real. This pleased some
people who had predicted it.

NesnH: Did you run it as a transmission measurement
on a thick picce using the setup you described?

ARONSON: Yes.

Josepr B. BErNsTEIN, Naval Ordnance Laboratory,
Corona: In regard to the higher reflectance measure-
ments, where you point out that it is difficult to cal-
culate the emittance from a (1—r) relationship, I
might point out that we are doing some work on the
direct messurement of emittance at low temperatures
out to 45 y—low temperatures being down to liquid-
nitrogen temperatures. We expect to go out even
farther, with some sort of device, other than a prism
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type, down to liquid-helium temperatures, in the near
future; this will permit us to make these emittance
measurements directly where the reflectance is better
than 90 percent.

Aronson: Is this intended to be a spectral study?

BERNSTEIN: Yes, it is a spectral study.

AroNsoN: Do you have any idea what resolution you
might obtain then, when you go to these very low
power levels?

BERNSTEIN: No, not at the moment.

AroNsoN: This is the problem, T think.

BERNSTEIN: Yes, it is.

Don StierwaLt, Naval Ordnance Laboratory: In
answer to that last question, out to about 45 4 we have
a resolution of something on the order of 0.2 to 0.3 .
For the long wavelengths we have an instrument now
that we are planning to use out to 100 x. We will
probably have a resolution of 1 w orso. 1 realize that
this is not & high resolution, but for most metals there
is no sharp structure anyway; and we are more inter-
ested in the emittance itself than in any fine resolution
in this structure.

AronsoN: Very true. We wanted our instrumen-
tation not only to study metals but also to study dielec-
trics and semiconductors, so we wanted higher
resolution.

STIERWALT: I might also comment on the germa-
nium and silicon measurements. Again, our direct
emittance measurements showed the same lattice band

structures, 1 think, in perhaps a little bit more detail.
The direct emirtance measurements have a further
advantage in that the measurements are made at
normsal incidence. Now, in most materials this does
not matter much, but in some materials it does make
a difference if it is normal incidence or not.

Aronsox: This is very true. One of the big prob-
lems with our experimental setup was that we could
not conveniently make measurements at normal inci-
dence. llowever, we can get the normal reflectivity
by using 45 deg. incidence and knowing the polariza-
tion of our spectrometer and one further fact, namely
that, as an approximation, if either n or k is greater
than 1, the average of the perpendicular and parallel
components of reflectivity at 45° incidence is very
close to normal incidence reflectivity.

Don Kocn, North Ameriean Aviation: In measuring
reflectance on metals, how were the surfaces prepared?
Did you use electropolishing techniques and was the
structure of the lattice checked by electron diffraction
or X-ray diffraction techniques?

Aronson: They were electropolished, but we did not
check the surfaces of the materials. We have a long
wavelength in comparison to any surface irregularity.
1 would sayv that, on visual examination, they appear
highly reflective, although you can see a few surface
imperfections ; however, because the wavelengths are a
hundredfold greater than visual wavelengths, we figured
these imperfections were not very important.



4. Emissivity and Inter-Reflection Relationships
for Infinite Parallel Specular Surfaces
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The ratio between the hemispherical and normal emissivity of a smooth isotropic sur-
face has been found by integration of Fresnel’s equations. For materials with an absorption
index not equal to zero, the equations involve an approximation. The error introduced by
this approximation is negligible at large values of n and k and amounts to only about 1.5

percent when n=1 and k=1.

The ratio of the hemispherical emissivity factor for radiation exchange between infinite
parallel smooth isotropic surfaces to the emissivity factor predicted from normal emissivities
has been derived in a similar manner and a curve is presented for the general use of radiation
exchange between two surfaces with different optical constants.

The reflectivity and emissivity of surfaces
vary with wavelength, direction, and plane of
polarization of the radiation. Emissivity and
reflectivity measurements are often performed
at or near normal incidence, and it is frequently
necessary to estimate hemispherical properties
from values measured normal to the surface.
The ratio of the hemispherical emissivity to the
normal emissivity can be predicted from electro-
magnetic theory for smooth isotropic surfaces
in terms of the optical constants, that is, the
index of refraction n and the absorption index
k. Equations and curves for this ratio are
reviewed and presented in this paper.

The effect of inter-reflections on radiation
exchange between parallel surfaces (or concen-
tric cylinders closely spaced) is also of interest
due to the common use of such configurations
in structures and radiation shields. The ratio
of the hemispherical emissivity factor for
specular isotropic surfaces to the emissivity
factor computed from normal emissivities is
presented herein for the general case of two
different materials.
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SYMBOLS

emissivity factor for infinite parallel surfaces

parameter involving values of » and & for evalua-
tion of emissivity factors

absorption index

refractive index

ratio of amplitude of reflected to incident electric
vector

emissivity

reflectivity

angle from normal (written as ¢ if complex)

cos f

Subscripts

first surface

second surface

first medium or air

second medium

normal to surface

electric vector parallel to plane of incidence or of
emission

electric vector perpendicular to plane of incidence
or of emission

emissivity

at angle 6
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EMISSIVITIES

The optical constants » and k specify the
real and imaginary components of the complex
index of refraction:

n=n(l1—ik)=n—ink (1)

It should be noted that the absorption index
is frequently defined as the product nk of
equation (1); this is a matter of convention
and confusion.

Dielectrics.—For a dielectric material, £=0,
and the emissivity is expressed as a function
of angle by the well-known Fresnel equations.
Walsh (ref. 1) integrated these equations to
find the hemispherical emissivity in terms of
the refractive index. The ratio of the hemi-
spherical emissivity to the normal emissivity
is given for the two components by the follow-
ing equations.

Radiation polarized perpendicular to the plane
of emission:

€, 2,1

& 3 3n @
Radiation polarized parallel to the plane of
emission:

€ (n+12(n— n+1
e 2017 ( )

n*n+1)n*4-2n—1)
n*+1)*(n—1)

4n3(n*+1)

+ T 1 1)

Inn (3)

The hemispherical emissivity in terms of the
two components is given by :

e:% (est+ep) (4)

Metals.—For metals and semiconductors both
n and k must be considered. It has been shown
theoretically (ref. 2) that if the electrical con-
ductivity controls the reflectivity, as for metals
at long wavelengths, k=1.0. However, inspec-
tion of reported optical constants for metals
indicates wide variations for actual metals.
When n and k are sufficiently large, the Fresnel
equations for reflectivity can be simplified with
small error by the approximation that the cosine
term within the metal is one. These simplified

Fresnel expressions can then be integrated
analytically over the hemisphere (see appendix)
to yield the following approximate equations
for the two components of the radiation
(rel. 3):

Perpendicular component:

L 14-2n+n*+-n?
e.=8n—bn1 ]Tl —— _2—+——n2k?—>
=k, k
+ — If tan 11—+—n+nk:2 (5)

Parallel component:

',‘5 _-\' In (l—+—2n+n2+n2k2)
n(1+4) w1 I)?
N <1+n>

8(1—k?)
k(T

The ratio of the hemispherical to the normal
emissivity has been plotted in figure 1 as a
function of the index of refraction for k=0, 1,
2, and 4. The curve for dielectrics, k=0, has
been calculated from the exact theory, equa-
tions (2), (3), and (4). The curves for £>0
have been extended to n=1 by numerical in-
tegration. The dashed line for k=1 represents
the approximate curve calculated from equa-
tions (5) and (6). For k=2 and 4, the differ-
ence between numerical integration and the
approximate curve was very small and is not
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FicUure 1.—Ratio of hemispherical to normal emissivity
as a funclion of n and k.
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shown on the graph. The ratio of hemispher-
ical to normal emissivity is also plotted in figure
2 as a function of the normal emissivity with
k=0, 1, 2, and 4. Eckert (ref. 4) has plotted
curves of this form and compared them with
experimental measurements, but only for k=0
and k=1.

It should be noted that absorption mechan-
isms exist other than that due to simple elec-
trical conduction, such as resonance effects of
bound electrons, atoms, and molecules. In
spectral regions near the resonance points the
reflectivity is high and the absorption index
large. Crystalline dielectrics exhibit this high
absorptivity and reflectivity, commonly called
metallic reflection, at infrared wavelengths
corresponding to the natural frequencies of
elements of the crystal structure.

Figure 3 has been included to illustrate the
behavior of materials that are transitional be-
tween dielectrics and metals in their optical
characteristics. As an example, angular emis-
sivities for a substance with n=2 and #=1 have
been computed and plotted as a function of
angle from the normal for the two planes of
polarization. The approximate equations for
metals (in appendix) with cos 8,=1.0 are also
plotted in figure 3 (dashed lines) for compari-
son. It will be noted that significant errors are
involved if the approximate equations are em-
ployed in this range of n and k. It is interest-
ing to note that, due to the opposing errors for
the emissivities of the two components, the
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F16URE 2.—Ratio of hemispherical to normal emissivity
as a function of normal emissivity and k.

mean emissivity is nearly the same for the ap-
proximate and exact solutions, so that only
small errors occur if the hemispherical emis-
sivity is calculated from the approximate
equations in this region.

INTER-REFLECTIONS BETWEEN

INFINITE PARALLEL SPECULAR
SURFACES

Radiation exchange between infinite parallel
surfaces can be represented on a unit area basis
as the product of an emissivity factor F, and
the difference between the blackbody emissive
powers corresponding to the temperatures of
the two surfaces:

%:F.(aTs—aT,*) )

where, for diffuse surfaces or at a given angle
between specular surfaces, ¥, (the emissivity
factor) is given by the equation

F—— %€ (8)

ate—ee;

The ratio of the hemispherical to the normal
emissivity factor (i.e., calculated on the basis
of normal emissivities) has been calculated (in
appendix) to provide an estimate of the errors
which may arise due to neglect of angular
variations and polarization effects.
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F16URE 3.—Emissivities for parallel and perpendicular
components, as functions of angle from the normal, for
a substance with n=2 and k=1.
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Dielectrics

For dielectrics the ratio of the emissivity
factor for parallel specular surfaces with the
same refractive index to the emissivity factor
computed from normal emissivities for the same
system is given for the two polarization com-
ponents by the following equations (details in
appendix).

Perpendicular component:

Feazl_ﬂ..(—@t:i) tan~! (1) 9

n

Parallel component:

F., n'@n*41)  a(n*—1)* n+1
F.,  a'+1 +2(n‘+1)2 In (n—l
_2n*(n*—1)

W tan™' n (10)

The hemispherical emissivity factor is one-
half the sum of the factors for the two com-
ponents, or

Fezi(Fu‘i'Fw) (11)

Metals

When the value of n is large, the approxi-
mation cos §,=1 can be made for dielectrics
as well as for metals, and the equations with
this approximation are identical with those for
a metal with k=0. For this reason, it is found
that if one plots the ratio F./F., against the
parameter arrived at for metals (in appendix),

2 2
namely, A= \/ nyne (1 +"1_l‘;lbit%§l‘l
curveis valid for both dielectrics and metals (fig. 4).
This curve holds for any two infinite parallel

)’ the resulting
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FiGure 4.—Ratio of hemispherical to normal emissivity

2 E 2
factors as a function of h whereh?=nmn, (I +n,k, ﬂb—)
n,;+n;

metal or dielectric materials radiating to each
other provided n is greater than 5. The curve
is exact for a dielectric (k=0) with any value
of n radiating to a second dielectric with the
same properties.

mk?+ ngk,"’)

ny+ng

ht=nn, (1+

This curve is also a good approximation for
two dielectrics radiating to each other if =,
and n, are not greatly different. This was
checked by numerical integrations for the case
where n,==1.5 and n,=3.0 and comparison of
the result with the ratio F./F., as read from
figure 4 for Vnm;=+4.5=2.121. The ratio
F./F., from the numerical integrations is 0.952
and from figure 4 is 0.945. This agreement
indicates thut figure 4 can be used as a good
approximation for determining emissivity fac-
tors for radiation exchange between different
dielectrics as well as for different metals.

APPENDIX: DERIVATIONS OF EQUATIONS

Basic Reflection Laws

The equations in this paper are all derived for
reflection and emission at the interface between an
isotropic specular surface and air, with the refractive
index of air taken as 1.

Fresnel’s equations for the ratio of the amplitude of
the electric vector of the reflected electromagnetic
wave in air to that of the wave incident upon the surface
at angle 8, can be written as follows for the two com-
ponents of the wave.

Parallel component:

sin 8, cos 8,—sin 8, cos @,

= Al
"> 5N 68, cos 0,4 siD 0, cos 0, (AD
Perpendicular component:
sin 8, cos 8,—sin 8, cos @
" it (A2)

" sin 8, cos 6,+sin 8, cos 8,

The angles are related by Snell’s law,
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o 0h=£;‘=n(l—zk) (A3)
from which
sin? @,
cos gl,—Jl—m (A4)

For large values of n and k such as are characteristic
of metals, cos §,=1.0 as a first approximation. For
dielectrics, k=0, and no complex terms are involved.
As the energy transported is proportional to the square
of the electric vector, the reflectivity for dielectrics is
found readily for each component by squaring both
sides of equations (A1) and (A2). For absorbing
materials this is accomplished by multiplying numerator
and denominator by their complex conjugates.

Ratio of Hemispherical Emissivity to
Normal Emissivity for Metals

The hemispherical emissivity is related to the
angular emissivity by

e=2f2 €4 8in 6 cos 6dg (A5)
0

and, if the substitution cos §=x is made,
1
e=2{ eoxix (A6)
1]

For metals, with the approximation that cos 8,=1.0,
the angular emissivities are, from equations (A1),
(A2), and (A3) (using the fact that emissivity=1—
reflectivity), found to be

Parallel component:

- 4n cos 6
oo (n?+n2k?) cos? 64+2n cos 641
_ 4ny
T r s S
Perpendicular component:
_ 4n cos 8 _ dny
T cos? 6+ 2n cos O+ WA+ k2 X3+ Znx & i ¥ kR
(A8)
and the normal emissivity (x=1) is
4
“ (A9)

T ont it ik
From equations (A6) and (A7),

. J" 4nx2dx
" Jo P+ 2nxFnr ik

and, upon integration,

_ 8 _81In(1+2n+n1+n2k2)
6"—n(l+k?) (14 k%)

8(1— )
e e (75) @
which is equation (6) in the text.

Equation (5) in the text for ¢, is obtained in a similar
manner.

Emissivity Factors for Infinite Parallel
Surfaces

DISSIMILAR METALS

At any given angle between specular surfaces the
emissivity factor due to multiple inter-reflections at
that angle can be written, say for the perpendicular

component, as
1

Fip= T 1 (A11)
——1
€481 €402
Substituting from equation (A8) gives
F.po= 4n,nyx
e (ni+ng)x2+ng(ng2+ nikd) + ni(ngd + ngtk,?)
(A12)
The hemispherical factor is
1
Fou=2 ] Fuixix (AL13)

Substitution of equation (A12) into equation (A13)
gives

__ 8nyn, f’ xidx
"t Jo 24 mn (1+”1k|3+n2k22> (AlD)
X 1M n1+n2
Let
"1k|’+ nakq? ) "
-~ (1 Ll (A15)

Performing the indicated integration in equation
(A14), with this substitution, yields

8n1n2

—_ -1 _
F,= P [1 h tan (Al6)
Similarly,
_8nume [ xdyx

it Jo Bt 1 (AID)
which, upon integration, gives

_Bmm (1 1 )

F"’_n,+n2 TR tan-1 h (A18)

The emissivity factor for the normal beam is given by

4nmg

(m+no) (1+R%) (A19)

Fm=

and the ratio of the hemispherical emissivity factor to
the normal emissivity factor is found to be
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F! !p+Fll
e T (L

14 b2
LEE L tant h—htan-t3)  (A20)

This equation is plotted in figure 4.

DIELECTRICS

The case of a dielectric radiating to a second dielec-
tric of the same properties is quite straightforward, but
the case of two different dielectrics is very complicated
and has only been solved numerically.

The emissivity factor for the parallel component for
radiation exchange between two identical infinite
parallel specular surfaces is found by starting with
equation (Al) for ry (with k= 0 in eq. (A3)), squaring,
subtracting from unity in order to get e, substituting
into equation (All), and integrating over the hem-
isphere:

XV ni—1

1
F.,,=4nJ; W d (A21)

Performing the indicated integration gives

Fep=

2n? n¥{(n?—1)3(n?+1) In (n—|—l
(rt+1) (nt+1)2 n—1

‘(n2—1
%’:‘I—_T,)tan“n (A22)

Likewise, for the perpendicular component,

_a [ e —1
Fo= 4f “Safm—1 d (A23)
or, on integration,
F.,=n—(n?—1) tan™! % (A24)
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MacMillan and

DISCUSSION

SamueL SxLAREW, The Marquardt Corp.: I am
puzzled by the refractive indexes shown in your first
figure. I do not know of any materials with indexes
between 10 and 100. Most materials have indexes of
around 2 or less, possibly 3, and at the most 4.

DunkLE: As I recall, if you take the Hagen-Rubens
equation for a metal you find that the value of =
becomes very large for metals.

Hexry Bravu, Arthur D. Little, Inec.:
measured values as high as 10 or more.

DunkLE: On what?

Brav: Tungsten in the infrared.

SkLarEW: Then it is wavelength dependent?

DunkLE: It is definitely wavelength dependent.
These equations arc only monochromatic. They still
have to be integrated with respect to wavelength to
get total values.

We have



5. Numerical Solutions of the Fresnel Equations
in the Optical Region'

HERBERT B. HOLL

U.8. ARMY MISSILE COMMAND, REDSTONE ARSENAL, ALA,

The solutions of the Fresnel equations, which are obtained for approximately 2,500
indices of refraction for normal and oblique incidence, are discussed. Several examples of
the graphic illustration of these solutions are given, and the discussion describes in detail
the occurrence of reflection characteristics such as the angle of incidence for which (a) the
amplitude of the wave oscillating parallel to the plane of incidence is & minimum; (b) the
degree of polarization is a maximum; and (c¢) the two amplitudes of the reflected wave have

a difference in phase of 90°.

BASIC REFLECTION EQUATIONS

In optics, where the permeability u, is
unity, the rigorous Fresnel intensity reflection
formulas for the bulk material are

)
i <1+cos ) ) +(p>
Geemn)(2)
(=00
(o)1)
(q-f-sm 8 tan oo> +(p)

where 6, is the angle of incidence.
The quantities ¢ and p can be calculated from

()3~

1 See also Papers 4, 20, and 30.

(1

R\=R,

Some examples of the determination of the index of refraction
from reflection measurements are also given.

Vs () GG -G ]
@)

()42
T =]

where ai/a;=n and B/a;=k, and n and k are
the real and imaginary part of the complex
index of refraction N=n—ki. Given the numer-
ical values R, and R, the reflectance R of
natural or unpolarized radiation, defined by

and the degree of polarization P, expressed by

1B

R—B TR
= 2 6
P RFR B, ©)

R,

can easily be obtained.
45
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REFLECTION COEFFICIENTS AS
FUNCTIONS OF n, k, and 6,

A general tabulation of numerical wave
reflection values would be helpful in optical
studies and would greatly reduce duplication of
research effort. To my knowledge, these data
are not available in reference form; those hand-
books which do present data on the index of
refraction usually give the reflectance at
normal incidence only. If such data, in tabu-
lated or graphical formn, were available in
sufficient accuracy and interval density, they
would be useful in two major types of prob-
lems: (1) extracting the numerical values of
the reflectance directly from the tables if the
index of refraction of the material and the
angle of incidence are known; and (2) de-
termining the index of refraction if experimen-
tal reflectance data are available. In addition,
the data could be of value in studies of wave
propagation and wave interaction on material,
in studies of laser light, in target determination
and discrimination, and in investigation and
prediction of behavior of reflecting material
and surrounding media.

A recently published report (see ref.) was
designed to partially fill this need. It pre-
sents the Fresnel reflection-intensity coeffi-
cients R, and R, for the index of refraction
N=n—ki for all combinations of n=0.1(0.1)4.0,
k=0.0(0.1)6.0, and angle of incidence 6,=0°
(5°)85°. The selected ranges of the indices
of refraction and angle of incidence cover a
whole region in sufficient density to permit
interpolation.

Since the reflectivity is expressed as a func-
tion of a combination of 6, n, and k, there are
different ways to illustrate their interdepend-
ence. One method we will use is the customary
one of plotting the reflection coefficient against
the angle of incidence. As an example, figure
1 illustrates the tendencies of the R; and R,
curves, for which the real part of the index
of refraction » is held constant and % varied
from 0 to 6; figure 2 shows the reflectivity £
for natural or unpolarized radiation. Kach
index of refraction has its own peculiar curve.

Another very useful method is to plot the
numerical results of the Fresnel equations ob-

tained for a particular constant angle of inci-
dence 6, (such as R, R,, R, P or R,/R;) against
n and k—that is, in the Gaussian plane of
complex numbers. This type of graph is also
called an Argand diagram. ILet us start with
the reflection at normal incidence, with which
we are most familiar. For a normally imping-
ing wave there is no preferred plane of incidence
and R=R,=R,. The well known equation for
this case can easily be developed into the
equation

(n‘—i—i%)2+k2=(£%)2 ™

which is the equation for a circle. Figure 3
represents the “isoreflectance” curves in the
four quadrants of the complex plane. The
physical interpretation of the second and third
quadrants, where the real refraction index n
becomes negative, is beyond the scope of this
study. Thenumerical values of R in the second
and third quadrants are the reciprocals of the
values at the symmetrically located points in
the first and fourth quadrants, and are in the
interval 1< 1< =,

The notation N=n—ki for the index of re-
fraction is arbitrary, but is commonly used in
optics. The complex N represents the air-
conductor interface, and k=0 is the case of
air-dielectric interface. This index of refrac-
tion also represents the propagation constant
of the electromagnetic wave in the second
medium relative to vacuum or air. Given the
definition N=n—ki, the set of complex numbers
for N is located in the fourth quadrant of the
plot of the complex numbers.

Based on this definition, the first quadrant
has a distinct physical significance. If N=
n+ki, N represents the propagation constant
with respect to vacuum or air, and the first
quadrant covers the cases in which there is
amplification of the amplitudes of the electro-
magnetic wave. The first and fourth quadrants
together make it possible to locate the instance
of reflection at the interface of two conducting
materials. If NV, is the index of refraction with
respect to air of the first medium and N, the
index of the second medium, the relative index
of refraction N;;=N,/N, can take on one of
two forms, Nyp=mnp+kyt or Nyp=np—kp.
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The first expression holds if the phase of the
complex index of the first medium is smaller
than that of the second medium. If the indices
of refraction of both materials have the same
phase, the relative index becomes a real index;
it is located on the abscissa axis and resembles
the reflection characteristics of dielectrics. It
is evident that if » becomes smaller than unity
and the angle of incidence is greater than the
critical angle of incidence, total reflection
theoretically can occur at a metallic interface.

Figure 3 shows that the curves in the first and
fourth quadrants are symmetrical with respect
to the axis of abscissa. It has been proved that
the same symmetry exists in all the isoreflec-
tion curves for oblique incidence. Therefore,
we have to deal only with the fourth quadrant
of the plot, and for convenience we draw the
ordinate axis in the opposite direction for the
remainder of the discussion.

Figure 4 illustrates the distribution of index
of refraction curves in the complex plane for a
number of conducting materials. Each curve
represents a different metal and shows how its
index N changes with the wavelength. The
three-digit values at the beginning and end of
the curves give the wavelength in millimicrons
(=107 cm). The curves were not smoothed
because the values plotted are from various
authors and therefore were not obtained under
the same test conditions. Figure 5 presents
N for the wavelength of the sodium D line,
»=58934, and that of a ruby laser light,
A=6943A.

The isoreflectance curves for Ry, R, P and R
for oblique incidence are given for the angle of
incidence 6,==10° (10°) 70° (5°) 85° in the
reference. Figures 6 to 11 are some examples
of these plots.

It will be noted that in figure 1, R, and
R, are equal at #=0° and 6,=90°. With
increasing angle of incidence, the R, curves
tend monotonically toward unity. The curves
for R, however, first decrease to smaller
values until they reach their minimum, which
is R,=0 in the case of dielectrics (n real),
and R,#0 in the case of conducting materials.
Then as the angle of incidence is further in-
creased they also tend monotonically toward
R.=1, which they reach for §,=90° if n>1.

There exists a remarkable relation between
R, and R, for the angle of incidence 8,=45°,
mathematically expressed as

R12=R2
or
_Re
Rl—l_z1 (8)

so that the degree of polarization P becomes

_1-R,

P—1—|—R1 ¥

This relation is a valuable tool in experimental
work for: (1) transforming experimental data
that are given in an arbitrary scale into the real
reflection coefficients (the conversion factor by
which all data have to be multiplied is =R,y /R/*
at 8,=45°): (2) checking the influence of matter
located between a radiating source and a re-
flecting surface; (3) determining properties of
the matter itself; and (4) if R>=R, is observed,
use as an aid in locating a transmitter, the radia-
tion from which hits the reflecting surface at an
angle of incidence 8,=45°.

BREWSTER ANGLES

The particular angle 8, for which the value
of R, for dielectrics becomes zero (fig. 1 for
n=4.0 and k=0) is called the Brewster angle;
for this angle, tan 8=n (Brewster's law).
This is the only case where the degree of
polarization P becomes unity, or 100 percent,
because the reflected wave has only one ampli-
tude and that one is polarized perpendicular
to the plane of incidence. Furthermore, it
follows from Snell’s law that the reflected
and refracted waves propagate normal to
each other. The curves for R, of the con-
ductors never reach the value zero regardless
of the size of the real angle of incidence.
The angle of incidence at which the minimum
of R, occurs is called the pseudo Brewster
angle, because here the Brewster law has only
a formal meaning and the angle does not have
the physical significance it does in the case
of dielectrics. As a matter of fact, we observe
in this case that (1) only partial polarization
oceurs, (2) the maximum degree of polarization
does not occur for this angle, and (3) the electric
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field vectors of the reflected and refracted
radiation are no longer perpendicular to each
other.

Along with the reflection, there is also a
delay in the phases of the amplitudes. In
the case of a conducting material, there is a
monotonic decrease in the phase difference
from §=180° at normal incidence down to
§=0° at grazing incidence. The geometric
picture of the end of the electric (likewise
magnetic) field vector will be a circle or an
ellipse. The phase shift can be calculated
as a function of the index of refraction and
the angle of incidence. In experimental work,
particularly in optics, that angle of incidence
where the difference in phase (3=8§—381)
after reflection becomes 90° is of special
interest, and is called the principal angle of
incidence. In this case the axes of the vibra-
tion ellipse are oriented in the direction of
the field components of the E vector.

Some physics textbooks explain that the
principal angle of incidence is the same as the
angle at which the reflectance curve of R, is a
minimum. However, this is generally not
true; the assumption is apparently based on
mathematical formulations used in metal
optics, but sre of limited validity even where
large values of n and k& are concerned. The
approximations used in their calculations yield
the same angle 8, for R;=minimum and for
§=90°.

The maximum degree of polarization P
(eq. (6)) occurs where R./R, is a minimum.
Contrary to statements appearing in some
textbooks, the angle of incidence §, at which
the ratio R;/R, is a minimum is aot identical
to either the pseudo Brewster angle or the
principal angle of incidence.  The angles of inci-
dence for (B min, (Re/R)min OF Puag, and §=90°
are distinct, and may differ by angles of be-
tween 0° and 45°. As an example, the case
N=n—ki=0.6—-0.61 is graphically illustrated
in figure 12, with the curves representing
R, R, RyR, P, and & plotted against 6,
In order to clarify the distinction, it is proposed
here to identify the above-meationed char-
acteristic angles of incidence as first, second,
and third Brewster angles. The following
definitions are based on the assumption that

the incoming wave consists of two components
with equal amplitudes which oscillate perpen-
dicular to each other, one perpendicular and
one parallel to the plane of incidence:

First Brewster angle—pseudo Brewster angle:
The angle of incidence 8, for which the ampli-
tude VR, of the wave oscillating parallel to the
plane of incidence is & minimum.

Second Brewster angle: The angle of incidence
8, for which the ratio of the reflected intensities
(R./R;) is n minimum, or, what is the same
thing, for which the degree of polarization
P=(R,—R:)/(R+R,) is & maximum.

Third Brewster angle—principal angle of
incidence: The angle of incidence 8, at which
the two amplitudes of the reflected wave have a
difference in phase & of 90°.

Expressions for the first and second Brewster
angles can be obtained by differentiation of
expressions based on equations (1) and (2).
To do this, however, requires tedious analytical
labor and leads to such immense and unwieldy
equations that it has to be considered impossible
to solve this problem explicitly.

A computer was used to obtain the desired
numerical values of (B2)men and (R3/Ri)mey and
the corresponding values of 6, for given indices
of refraction by successive approximation.
Since these data had not been published and are
of special interest in experimental work, these
numerical values were presented in the reference
for the 2400 complex indices. The results of
these calculations are presented in figures 13
and 14.

The literature contains a rigorous equation
for the principal angle of incidence, or third
Brewster angle. This equation can also be
written in the following two forms:

(n2-+-k2)*—2 sin? f,(n*—k*) =sin* g, tan* §,—sint
(10)
or
(n?—sin? §,)%+ (k*+-sin? 8y)°+2n°k*
=sint 4, (tan* B,+1) (11)

For constant angles of incidence, these equa-
tions represent ('assinian curves in the Argand
diagram. Within the interval of the angle of
incidence 0<6,€90°, the Cassinian curves
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take on different shapes (fiz. 15). We can

distinguish three cases:
(8) 6,=45°
(b) 6,>45°
(c) 8,<45°

Case (a) is represented by the lemniscate of
Bernoulli with the pole at the origin. In case
(b), for values of 6, between 45° and tan~! {2,
the curves are general lemniscates with their
two saddle points on the ordinate axis; for

757-044 O-65—5

greater values of 6, the curves are Cassinian
ovals with their longer axes along the abscissa
axis. The curves in (c) are within the lemnis-
cate of Bernoulli, and each branch has two
points of intersection with the abscissa axis.
This last case is illustrated by a special drawing
(fig. 17). It will be observed that the unique
relation between the principal angle of incidence
and the index of refraction no longer holds for
a certain region of small indices. This region
of multiple principal angles of incidence is
bounded by three curves: (1) the abscissa
axis, (2) the envelope of the curves §,=constant,
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and (3) approximately the curve for 6,=33°.
From an inspection of numerical results it was
observed that materials with index of refraction
located on boundaries (2) and (3) have two
principal angles of incidence, and that the
materials whose index of refraction falls within
the region considered, including the abscissa
axis, have three principal angles of incidence.
The two points of intersection of the curves
f,=constant with the abscissa axis have a
physical interpretation. The point on the
right-hand side represents Brewster’s law for
which R,=0. For the other point we have
total reflection, but the two amplitudes of R,
and R; have a difference in phase of 90°. It is
supposed that those alkali metals which
become transparent in the ultraviolet region
have index of refraction curves which cross
this region of multiple principal angles of
incidence.
With application of the approximation

n?+k?=sin? 6, tan? g, (12)

used in metal optics, where n?4#%% is generally
much greater than unity, the curves for con-
stant principal angle of incidence would de-
generate into circles and show only fair
agreement for large indices, requiring the
further restriction n~k to obtain accurate
results. The precise values and the correspond-
ing values of R, and R, at these angles of the
principal angle of incidence are also given in the
reference. Careful inspection of the material
presented shows that where N is complex the
following relation holds, without exception, for
the three Brewster angles for conductors
(denoted by 8,*, 8,*, and 6;*, respectively):

0,*<6.*<6,*

In order to complete the discussion of reflec-
tance curves, let us briefly inspect the case of
unpolarized radiation. Figure 2 shows that
with increasing k the curves have a more distinct
minimum, which approaches 8,=90° for very
large k values. Figure 16 contains the isoreflec-
tance curves of the unpolarized radiation in
the complex plane. This particular graph

serves as an illustration only and is not claimed
to be as accurate as the other figures. It will
be noted that there is an area (the entire area
below the curve labeled §,=0) for which the
minimum reflection occurs at normal incidence,
with a small surrounding belt in which the
angle of incidence increases very rapidly.
Only the curves for 6,=60°, 70°, 75°, and 80°
are represented.

RESUME AND APPLICATION

Table 1 summarizes some characteristics of
the perpendicular and parallel components,
R, and R,, of the reflected beam for special
angles of incidence.

TaBLE I.— Reflection Characteristics at Special Angles
of Incidence

Material Angle of incidence Reflection
] characteristics
0° Ri=R,<1
Dielectrics R
and 45° Ri=32
R,
conductors
90° Ri=R,=1
Dielectrics Brewster angle R;=0, P=1
First Brewster [ R;=minimum
angle
&— minimum
Conductors Second R,
Brewster angle P —maximum
Third Brewster 5=090°
angle

Since all the R, and R, quantities are func-
tions of 8, n, and k, the numerical values of
n and k in general can be determined from
experimental reflectance data. We can dis-
tinguish two major types of data for this
purpose: (1) experimental values of the re-
flectance for arbitrary angles of incidence; and,
(2) experimental values of the reflectance for
characteristic angles of incidence, or the three
Brewster angles.

Figure 18 will serve to explain the treatment
of the first type. For the upper part of the
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figure, the experimental value R,=0.753 at
6,=40° indicates that the index of refraction
of the material considered is located on the
isoreflectance curve R,;=0.753 at that angle.
The same follows for the experimental data
obtained at 6,=75° which in this example is
R:=0.910. The two isoreflectance curves have
only one common point, the coordinates of
which constitute the index of refraction of the
material involved. For the middle part of the
figure, the same result is obtained from R,
and £, which in the case illustrated, were
obtained at the same angle, 75°. This method
cannot be used for 8,=45° because the exist-
tence of a unique relation between R, and R,
at this angle (R!= R,) causes the two curves to
coincide. The bottom part of the figure
illustrates the method that uses only the
degrees of polarization at two different angles.

The treatment of the second type makes use
of the plots in figures 13, 14, and 15. The
curves which appear to emanate more or less
radially from the vicinity of the origin on the
three graphs are isoreflectance or isopolariza-
tion curves suitable for identifying the char-
acteristic angles depicted. The relation among
the three Brewster angles is unique for each
index of refraction (except when the principal
angle of incidence 6,<{45°). It will be noticed
that all isoreflectance curves shown in figures
13 to 16 eventually curve back to the abscissa

axis k=0 in numerical order by reflectance
value.

Experimental data that are in error by a
constant factor, if used with the isoreflectance
curves (for example, fig. 6 to 9) will lead to
indices of refraction which are not the true
indices of the material considered. As an
example, let us inspect experimental data
which were obtained at 6,=70° and 6,=80°,
and for which, due to unknown influences, the
measured intensities were only 90 percent of
the expected intensities (fig. 19). The cross
points of the isoreflectance curves give the
index of refraction N, for 6,=70° and N, for
0():800.

However, as long as the deviation is the same
for each pair of measured R, and R, values,
the ratio R,/R,, or the degree of polarization,
is not affected. The P curves in this example
determine the true value for N, designated NV,
on this plot. It should be emphasized that
our example was not limited to consideration
of the same degree of discrepancy for both
angles of incidence, that is, 10 percent of the
theoretical data in both cases.
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6. The Theory of Emissivity of Metals
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It is shown that practical situations exist in which the emissivity of a surface is not

equal to the absorptivity.

The calculations which reveal this fact are based on a second-

quantized treatment of the electromagnetic radiation field. To account for the high reflec-
tivity of metals, it is necessary to use a set of basis functions for the radiation field which

are exponentially attenuated (but without net absorption) within the metal.

On this

basis, a perturbation theory formalism is developed with which the emissivity may be
calculated as a function of wavelength, angle of emission, polarization, and temperature,
whenever the electronic wave functions are known.

Comparatively little progress has been made
during the past half-century toward a basic
theoretical understanding of the emissivity of
solid materials. This is in spite of the enormous
amount of research done in solid state physics,
and is due primarily to the difficulty of preparing
clean surfaces and a consequent shortage of
reliable measurements to compare with theory.

The actual state of the solid near the surface
is generally unknown. More specifically,
neither the identity nor the density of the
adsorbed impurities, nor the surface irregu-
larities, are known, and thus we do not know
what to use for the electron wave functions
near the surface, which are crucial for any
theory of emissivity of metals since only the
electrons that are near the surface absorb
or emit radiation.

In addition to these difficulties, one finds
that the published literature on emissivity is
based on considerations of thermal equilibrium
between a solid and its environment. The
emissivity, denoted by e, is generally defined
as the ratio of the rate at which energy is
emitted by the solid to the rate at which energy

would be emitted by a blackbody at the same
temperature. The absorptivity, denoted by
e, is defined as the ratio of energy absorbed
by & surface to the total energy incident on
that surface. Under conditions of thermal
equilibrium—in other words, when the radiation
incident on a surface is blackbody radiation of
the same temperature as the solid—it follows
from Kirchhoff’s law that

a=¢ (1)

This equality also holds for each wavelength.
We wish to point out, however, that this
situation holds strictly only for the case of
thermal equilibrium. As was first suggested
by Einstein (ref. 1) thermal equilibrium between
a solid and blackbody radiation is maintained
partially by spontaneous emission, and partially
by stimulated emission of the emitter. The
stimulated emission is proportional to the
intensity of radiation falling on the emitter,
and therefore if this radiation is not blackbody
radiation of the same temperature as the solid,
the stimulated emission may be more or less
63



64 FUNDAMENTALS

than that predicted by Kirchhoff’s law. Thbis
effect is discussed in more detail in a subsequent
section.

A second characteristic feature of published
treatments of the emissivity of solids is the use
of plane waves as basis functions for expansion
of the vector potential A(r, ) of the electro-
magnetic field. As was pointed out by Mott
and Zener (ref.2), however, for wavelengths long-
er than a certain critical wavelength \,, which
lies in the ultraviolet for most metals, the
vector potential inside the metal is not a plane
wave but is represented by functions which are
exponentially attenuated. This attenuation is
due to the electron-electron interactions within the
metal; the electrons because of their small mass
respond so rapidly to the impinging electro-
magnetic field that it is prevented from pene-
trating more than a few thousand Angstroms
into the metal. We shall exploit this fact in
subsequent sections to indicate how the rate of
emission of energy per unit area of a nearly
ideal metallic surface may be calculated, when
the appropriate electron wave functions are
known and when the state of the solid and of
its external environment are specified. This
analysis is set up so that the dependence of
the emissivity on the angle 6 between the
normal to the surface and the direction of
emission, and the dependence on the state of
polarization of the emitted radiation, may be
calculated. We shall not, however, consider
effects due to irregularities in the surface and
shall confine ourselves to metals, for which the
emissivity is small and may be calculated by
appropriate perturbation expansions. In what
follows we assume the metal has a perfectly
smooth surface at z=0 and fills the semi-
infinite half-space corresponding to z<{0.

RADIATION FIELD TREATED
CLASSICALLY

Theoretical calculations of the emissivity e
of metals as a function of frqeuency, under
conditions of thermal equilibrium, were first
made by Hagen and Rubens (ref. 3). Such cal-
culations are based on Kirchhoff’s law, which
states that the emissivity at a given frequency
v is equal to the absorptivity « at the same
frequency. Conservation of energy leads to

the following relation between reflectivity p and
absorptivity:
a+p=1 (2)

Reflectivity may be calculated by using a
complex index of refraction, n(1—ix), whose
imaginary part is closely related to the con-
ductivity ¢ of the metal, and which describes
the absorption of radiation passing through
the surfuce. This procedure leads to the
well-known Hagen-Rubens formula for normal
emissivity

e= hid (3)

ag

This formula agrees quite well with experiment
only at wavelengths longer than 10 microns.

It is possible to carry this procedure quite
far by regarding the quantum-mechanically
averaged currents and charge densities in the
solid as sources of the radiation field. This
approach allows the introduction of the effec-
tive dielectric “constant” e(k, ») and the effec-
tive magnetic permeability u(k, w), both of
which are complex functions of frequency and
wave number; then the complex index of
refraction is given by

n2(1—ik)l=ex (4)

These linear response functions, ¢ and g,
have been studied in detail by many authors
(refs. 4 and 5), so we shall not describe how
they are calculated. They are defined in
teris ol expectation values of a certain current
correlation function which is exceedingly diffi-
cult to caleulate.

By way of illustration, consider a metal
containing n conduction electrons per unit of
volume, in which there are a small number n,
per unit volume of randomly distributed im-
purities. Outside of the metal (2>0) the
vector potential A(r, t) of the radiation field
satisfies the wave equation

1 ’A

2A
v'A ct ot?

0 (5)

whereas inside the metal (2<{0)

2 _l 52_“_‘3’_"
VA cz atz_ ¢ J(r, t) (6)
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Here j(r, t) is the quantum-mechanically aver-
aged current density. At temperatures such
that kT<<u, where p is the Fermi energy of
the metal, electron-phonon interactions may

4kB cos 6

tangential components of E and H are con-
tinuous across the surface z=0, one may calcu-
late the reflectivity and hence the emissivity.
The result is:

(10)

e(6)= T

4
l:k“ cos* 8—2k% cos? 6 JER:

where

+F2+c2(k202+F2)] +2kB cos 6+ k% cos? 8

w, k?

172
wpth” + 12 cos? — w;'k? (11)

\/k‘* cos? 0—2k* cos? 0

be neglected. The result of a lengthy cal-
culation (ref. 5) of the current density j is

’new

j(k, w)= W—) A(k w) (7
where
21rﬁ ( ) f [o(k,}|*(1—cos 8)d(cos 8)
ok /x
(8)
Here j(k,w) is the Fourter transform of the

current density:

ik, w)=fdrdte“'”+“"‘j(r,t)

and similarly for A(kw); %k, is the Fermi
momentum of the metal (a spherical Fermi
surface is assumed), v(k) is the electron impurity
interaction potential, and e(k) is the single-
particle electron energy. The function T is
related approximately to the static conduc-
tivity ¢ of the metal at low temperatures:
net  w,’
=T 1T (9)
where w,=‘/(41rne2)/m is the plasma frequency.
These equations may be used to calculate
the reflectivity. Consider for example a plane
wave of wave-number vector k= (—#% sin 8, 0,
—k cos 6) polarized in a direction parallel to
the metallic surface, incident on the surface.
By imposing the conditions that the normal and

Fo T oo

P

The appearance of 6 in the denominator of
equation (10) indicates that Lambert’s law
is not exactly obeyed. For normal incidence
(6=0), in the limit ke<<T, equation (10)
reduces to the Hagen-Rubens relation. A
similar caleulation may be performed for emis-
sivity of radiation polarized in the plane of
emission. Such calculations are very similar
to those of Mott and Zener (refl. 2).

This approach suffers from the defect that
calculation of the quantum-mechanically aver-
aged current is excessively difficult. Further,
the radiation field is treated only in a gross or
statistical sense, and none of the microscopic
absorption and emission processes by electrons
ever enter into the picture.

BASIS FUNCTIONS FOR AN ATTENUATED
RADIATION FIELD

Although the use of a complex index of
refraction glosses over the fact that the radia-
tion field is quantized, it has one very satisfac-
tory feature, namely, that the radiation field is
damped or attenuated so that it never pene-
trates far into the metal. In contrast, it is
very common to expand the quantized vector
potential in a set of plane-wave basis functions
which suffer no such damping and which may
be emitted or absorbed by electrons far inside
the metal.

However, a set of basis functions may be
found for the quantized vector potential which
are attenuated, so that only electrons near the
surface will participate in emission or absorp-
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tion. In order to find such a set, we consider
those parts of the Hamiltonian of the system
which include the kinetic energy of the elec-
trons and the free radiation field. These are

H=H'+ Ho—y f dr ¢+, )
2
E‘ v+ AL, t)] Y, 1)
1
+ f -

where y*(r, t) and ¢(r, ) are creation and an-
nihilation operators for electrons in the Heisen-

dr [(1 AV A){l (12)

berg representation, and A is the vector
potential, which is assumed to satisfy
V.A=0 (13)

The right-hand side of equation (12) is rear-
ranged into three contributions:

H:Hl‘*“IJz"Jr‘Hx (14)

where
2
H‘ZZLm f¢+(r, ) (’} V)\b(r, Hdr  (15)

H, is the first-order interaction term between
the electrons and the radiation field:

% A(r, t)dr (16)

f TVt -

and H, includes all terms quadratic in A

- foe

ydr

1
+§ fdr

We suppose that H, includes the periodic lattice
potential that is used in calculating a set of
electronic basis functions. The term H, we
set aside for the moment; it is the term respon-
sible for absorption and emission.

£+(V><A)2:l (17)

The term H, can be manipulated so as to give
a set of basis functions for A(r,¢) which are
exponentially attenuated in the metal. From
equation (17) one may derive the equation of
motion for the vector potential:

For 20,

' , 1 0f

v CQW)A 0 (18)
For 20,

2 2

To a good approximation we may replace
vH(r, y(r, £) by its equilibrium expectation
value,

vy=n (20)

where n is the number of electrons per unit
volume. Thus, equation (19) becomes

(vz ¢ aﬁ) A—

That this is & reasonably good approximation
is indicated by experiments on the ultraviolet
transmissivity of thin metallic films (ref. 6,
p. 323). Incident light of frequencies w>uw,
is mainly transmitted through the metal,
whereas for frequencies w<w, which is the
region in which we are primarily interested,
incident light is reflected, and not transmitted.
This is implied by equation (21), for the wave-
number vector k must satisfy

20,

(21)

(o — “’pz)

2 __
F="2

(22)
and hence % is pure imaginary for w<lw,.
Physically, this means that we are assuming the
electronic relaxation time is very large.

Equations (19) and (21) may be used to ob-
tain a normalized set of basis functions for ex-
pansion of A(r, ). We require, in addition to
equations (19) and (21), that the tangential
components of E and H and the normal com-
ponent of B be continuous across the surface
2=0, that the normal component of D be con-
tinuous, and that inside the metal

2
D:eE:(l—‘:—’;) E (23)

For the states with polarization parallel to the
surface, we find the following results:

2>0,
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¢ 1 A, 2
Ay (r) =2 71k cos 0 (—1sin ¢+] cos o)
X {(v+ik cos g)et*:*
—(‘/—ik cos B)e—ik,z]eiktzeik"y (24)
20,
c 1
Aue(r) T ry+ik cos 0

A
(—1sin qp-f—? oS @)tk cos feTett:Tetw  (25)

where
Y=+ EFEk?sin? g (26)
= () (27)

and where the wave-number vector k lies in a
plane which makes an angle ¢ with the z-axis,
so that

k.=k sin @ cos ¢ k,=ksin §sin o (28)

For polarizations in the plane of emission,
on the other hand, the basis functions are

220,

AJ_,k(r)_ o L

" 27 ky+ix? cos 0 {[cos 8(icos ¢

+] sin @)k sin 8]X (yk+ix? cos 6)e-t%:*

—[—cos 6(i cos ¢+; sin ¢) +f{ sin 6]
X (vk—1ix® cos g)e™:=* Jet 7oty (20)

20,

1
A (=2

* ky-+ix? cos OX[‘Y(I cos ¢

—+j sin <p)—if( k sin 9]Xk cos ge%e™metyv  (30)

This set of functions is complete, and nor-
malized, although it is not an orthogonal set.
The lack of orthogonality introduces only
negligible errors in our case.

The vector potential is then expanded as
follows:

A(r, ?) 22 @ () Au(r)+-a, T (1) A (r)

where the index )\ denotes all possible values
of k such that %,>0, and all polarizations.
The basis functions A\(r) are as given in

equations (24) to (30), and the operators
ax(t), ax*(t) satisfy the commutation relations
(ref. 7)

13
(l;‘(l“+—a‘,+d)‘=g (SX,,,, (31)
A

where 8, ,=0 if the two polarizations (y,u) are
different and & ,=dé(ky—k,) if the two polari-
zations are the same.

PERTURBATION THEORY

The main thing accomplished up to this point
is a choice of photon basis functions that do
not penetrate far into the metal. For example,
in the case of sodium at long wavelengths, the
penetration depth for these basis functions is
about 2100 A and does not change appreciably
until the wavelengths of the incident radiation
approach the ultraviolet. In this respect,
calculations performed with these basis func-
tions will differ markedly from recent calcula-
tions by Holstein (ref. 8) and others (ref. 9 and
references cited therein) who use plane waves
as basis functions.

Calculation of the emissivity is straight-
forward. We shall give one example. The
transition probability W, for the emission of
1 photon of energy %iw from the solid, with the
solid starting in the state ¢ and ending in the
state f, is given by

=TS E—E TR (2)
where

RI)=(f1Hit By g Hh

1 1 R
g g g '('“))
33

is a well-known perturbation expansion (ref. 9)
and H; consists of all terms in the Hamiltonian
which have not been used to calculate either
electronic basis functions or radiation basis
functions. The symbol e represents an infini-
tesimal positive number. In particular, the
interaction H, of equation (16) is included as a
part of H,.
Let us suppose that
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HI=H2+H4

where we do not specify H, in detail, except to
say that it could be due to electron-impurity
interactions, electron-phonon interactions, or
electron-electron interactions.

We take only those terms in equation (33)
which are of no higher order than the first in
H, or H,

ARV~ (1 Hort Holi)+U\ Ha g Bl
A H g B 69)

The term H, by itself can cause no emission of
photons, so for our case

(IH[1)=0 (35)

The term { f|H.|1) gives rise to a finite rate of
emission of photons. This is due to the fact
that electrons may absorb or emit a photon and
“collide” with the surface of the metal to con-
serve momentum. If plane waves are used for
the radiation field, this process is impossible.

To show how this occurs and to illustrate
the main features of the perturbation calcula-
tion, consider a model of a metal in which the
electron wave functions are given by

4 sin p,z,
\bpzp,,v,=v(7)36”’t‘e"’v”{ 0,

The density of electronic states is 2(dp, dp, dp.)/
(27)® per unit volume of the sample, and p.20.
Let us calculate the probability of emission of a
photon of frequency » with polarization parallel
to the surface, traveling in the direction (8, ¢).
The final state of the photon field, in the occu-
pation number representation, is given by

2<0

z2>0 (36)

‘"'+1l>=‘\/ﬂ1—;f—V+T)at"‘|n"> (37)

where 7, is the occupation number of the pho-
tons in the initial state. The energy of the
radiation field initially will be »,A», where n,=0,
1,2,.... Ifone of the electrons makes a tran-
sition from state p to state q during this emis-

sion process, a lengthy but straightforward cal-
culation of the matrix element

M= (f|H|?) (38)
yields
et hin,+1) 1 k* cos? @, .
1]‘“2:7”—2 G Qﬁ (sin gp,—cos ¢p,)*
c?

A by Y
X[6(g:—k:—p:)8(q,— K,y )] V4 (g, +p.)?

Y
72+(q:_pz)2]2 (39)
This matrix element must be averaged over

all possible occupied states p and all possible un-
occupied states q for the electrons. However,
in this form two interesting observations may
be made. Firstly, the transition probability is
proportional to n,4+1. The n, corresponds to
the stimulated emission; and the 1 is the spon-
taneous emission.

Secondly, we have two -functions squared in
the matrix element. A closer look at the square
of 8(q;—k,—p.), for example, shows that the
5(0) which results can be interpreted as a factor
L,, where L, is the dimension of the sample in
the z-direction. Hence, actually,

[5(92—]{:“17:)5(%—'kv—pv) I
=L,L,,6(q,—k,— pz)a(QV_kv_ )

and, dividing equation (39) by L.L, we ob-
tain a definite probability per unit area per unit
time for the emission of one photon. The third
dimension L. is not involved because of our
choice of basis functions.

A somewhat lengthy caleulation of the transi-
tion probability per unit area per unit time
yields the result:

W e n+l 4kcy*? cos? @
LL, mr v w?2r)sing

Xfmdqz {wdp,fmaz da
0 JO 0

X[ 1 _ 1 ]’
72+ (pz+ Qz)2 72+ (pz_Qz)z
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A2
X{ { 1+exp 5['27n
m? -1
X(pz2+52 32 sin? 0+a2)—y:,}

h? m? .
- { 1+9XP—6[§n (P:2+52 Ry 0+a )

—y-—hv] } - } (40)

where 8§=1/k;T (T is the electron temperature
and kp is the Boltzmann constant) and

ﬁ2
6=hV+ﬁ (922_p12+k22+ku2)
To obtain the emission rate, one then multiplies
equation (40) by

3
2’:’_,‘," d (cos 8) dv (41)

hvo, dv=

Similar calculations may be carried out for
radiation with the other polarization. These
expressions do not simplify further, but must be
evaluated numerically.

Terms of the type (f|H,{1/(E,~ Hy+ie))H,|%)
have been considered by Holstein (ref. 8)
using plane-wave basis functions. These cor-
respond to an electron colliding with a phonon
or impurity in the interior of the metal and
diffusing to the surface, where it emits a photon.
We have in progress calculations of these
matrix elements for a number of special cases
using attenuated basis functions, and expect to
report in detail on these calculations in the
near future.

KIRCHHOFF’'S LAW

Let R,, be the rate of absorption of energy of
frequency » per unit area per unit frequency
interval per unit solid angle by a solid surface.
By means of perturbation-theory calculations
such as are illustrated in the previous sections,
and using the occupation number representation
for the radiation field, it is found that R,,
takes the general form:

R, dv=n,MPhvp, dv (42)

where [M]? is some appropriately averaged
square of a sum of matrix elements, p, is a
density-of-states factor, and n, is the number
of photons present in the incident-radiation
field. For blackbody radiation at temperature
characterized by B,=(ksT,)"!, the average
occupation number n, is given by the Planck
function

1
n»=7bv(/3r)=m (43)

The absorptivity is defined as

_ R, dv TMP
= g, dv ¢

(44)

where ¢ is the speed of light.

On the other hand, if we let R, , be the rate of
emission of energy of frequency » per unit area
per unit frequency interval per unit solid angle,
we find by a similar perturbation-theory
calculation,

R...dv=n,+1)[MPhvo, dve=t"  (45)

where the factor e=#s* takes into account the
fact that for a solid at temperature 7,= (kp8,)"!,
there are e~#* fewer electrons in the upper
states capable of emitting photons, as com-
pared with those electrons in lower states
capable of absorbing photons. The emissivity
of the surface is defined as the ratio of the rate
of emission to the rate of emission by a black-
body at the same temperature as the solid, and
is thus

R, dv (A1) P -
e 8o dv mi) e (46)

Thus,
e=na (47)
where
(et 1)e
nr(ﬁa)

If the temperatures of incident radiation and
of the solid are the same, and n, is given by the
Planck function (eq. (43))

(48)

=1

and e=«, which is just Kirchhoff’s law. On
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the other hand, if 8,7 8,, the factor n may differ
considerably from unity. For example, if the
temperature of the solid is 2000° K and the
radiation temperature is 10° K for a wavelength
of about 8 microns, n=0.63.

Consider & metallic surface of constant
spectral absorptivity «. If the incoming radia-
tion is blackbody radiation with a distribution
of occupation numbers given by equation (43),
the rate of emission of energy per unit time is
given by the emissivity times the emission rate
of a blackbody at the temperature T, of the
metal:

Rszf Re. vdv=fw[nv(ﬁr)+l]e-ﬂsh”ac’“’PvdV
0 0

= [ machvp..due “Bshr/(1—g A
Jo
(49)

where we have integrated over all frequencies
to obtain a total emission rate. The integral
may be evaluated by expanding the denomi-
nator

hy
l—e 1—e Brr Ze "

and integrating term by term to obtain
90 ., /T,
Re=aoTt 0 F (7 (50)
where
T,

7(7)-
% 7Ty (1 T,
T

The effective emissivity of the surface e is
defined by

where ¢ is the Stefan-Boltzmann constant.
This quantity is plotted in figure 1.

For a very hot metallic body in a cold
environment, the power radiated is only 90/x*
or 0.93 of what it would be at thermal equi-
librium. Various arguments have previously
been advanced (ref. 10) in attemptsto prove that
even in a nonequilibrium situation, the power
radiated by a hot body is the same as it would

e i z 3
T/ Tr

Ficure 1.-— Eflect of radiation environment on emissivily
of metal. T .,=temperature of solid. T .=temperature
of radiation.

be if the body were in thermal equilibrium with
its environment. This may be true for gases
and transparent crystals, where the body may
be stimulated by radiation which has been
emitted from deep within the body itself. For
a metal, however, electromagnetic waves of
thermal wavelengths are not propagating waves
within the metal. The metal must be thought
of as a single quantum system which can emit
or absorb photons, but none of the photons
causing the stimulation can be considered to
come from the metal itself. Hence the stimu-
lated emission, for our idealized example, is
characteristic only of the environment.
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ing Nonisothermal Layers'
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Steady-state radiation heat transfer through layers where both scattering and absorption
occur within the layers is treated analytically by means of one-dimensional fluxes. The
set of simultaneous equations—consisting of a heat-balance equation, an equation for the
flux in the direction of heat flow, and an equation for the flux in the opposite direction—has
a general solution to which boundary conditions are applied to derive expressions for desired
quantities for an arbitrary layer. In this way the transfer through a layer and the emission
from it, as well as its temperature distribution, are derived in terms of the absorption and
scattering coefficients of the layer, the index of refraction, the lattice conductivity, and the
heat applied to it. The treatment includes the effects of surface reflections.

Radiation transfer through nonradiating layers is also treated in order to provide equa-
tions for obtaining the absorption and scattering coefficients from optical transmission

7. Radiation Heat Transfer Through Scattering and Absorb-

measurements.

Radiation heat transfer through noniso-
thermal layers, where both scattering and
absorption occur, is a very difficult situation to
treat in its full generality. One method is to
use electronic data processing machines to
arrive at numerical answers for specific situa-
tions; however, it is advantageous to obtain
analytical expressions since it is usually possible
to infer more from such expressions about the
mechanisms that occur and the directions to
manipulate parameters in order to obtain
desired results. It is, however, normally nec-
essary to simplify the situation in order to be
able to treat it mathematically. This paper
simplifies the actual situation by treating only
completely diffuse radiation by a one-dimen-
sional heat-flux calculation and, therefore,
neglects any three-dimensional effects. Though
this simplification undoubtedly decreases the
accuracy of the results, it allows one to handle
rather complicated situations and to obtain

! See also Papers 8, 21, and 22.

useful information about the mechanisms
occurring.
SYMBOLS
a absorption coefficient for diffuse radiation
b constant equal to 4¢’'n3Ty?
D  thickness of layer
E  blackbody radiant energy flux
I radiant energy flux in the direction of the positive

X-axis

I; incident flux at z=0

I, forward flux immediately inside interface z=0

Ip forward flux immediately inside interface x=D

radiant energy flux in the direction of the negative

X-axis

J; incident flux at z=D

Jo backward flux immediately inside interface z=0

Jp backward flux immediately inside interface z=2D

k lattice thermal conductivity

n  index of refraction

8 scattering coefficient for diffuse radiation

T temperature (absolute)

z distance from front surface

B8 optical constant for nonisothermal case equal to
a/(a+2s)

B0 optical constant for isothermal case equal to
Va[(a+28) =00/ (a+20)

73
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€ emissivity

7 flux (energy) gradient at surface, (dE/dx),,.rec.

x material constant representing ratio of radiant
transfer to lattice transfer in the center of an
optically dense layer and equal to 2b/k(a+ 2s)

P diffuse reflectance of a layer

ps  total diffuse reflectance at an interface where the
index of refraction is decreasing

po  total diffuse reflectance at an interface where the
index of refraction is increasing

a optical constant for nonisothermal case similar to
an extinction coefficient equal to ”“\/m

ao isothermal extinetion coefficient equal to

Va (a+28)
Stefan-Boltzmann radiation constant
T diffuse transmittance of layer

BASIC THEORETICAL ASSUMPTIONS

The theoretical method used in this study is
based on a system originally conceived by
Schuster (ref. 1 and 2) and added to by
Hamaker (ref. 3): the notation used here is
essentially that of Hamaker. For the iso-
thermal case the method is equivalent to that
developed by Kubelka and Munk and extended
by others (ref. 4 to 8). With suitable changes
in notation (ref. 3) their set of equations can
be transformed into the system discussed here
and vice versa. The basic method is that of
dividing the flux into two parts: one flowing
in a positive direction, and the other in a
negative direction. A set of simultaneous
differential equations is used to describe these
fluxes and the other necessary parameters.
Since only a forward and a backward flux are
considered, this is a one-dimensional calculation
and therefore has as a basic assumption that the
incident radiation is diffuse (i.e., the intensity
is equal for all angles of incidence) and that
the radistion scattered sideways is compen-
sated for by an equal contribution from
neighboring parts of the layer (i.e., the area
investigated is either small in cross section
compared with the total illuminated cross
section of the sample or is large compared with
the thickness of the sample). This condition
is not a severe limitation since many practical
heat-transfer problems are concerned with
diffuse radiation.

The treatment for the situations where
temperature gradients are present suffers from
the further limitation that only total radiation

is considered and therefore the fact that the
wavelength distribution of blackbody emission
changes with temperature is not taken into
account. Also, it is assumed that the properties
of the muterial change only gradually. This
then implies the assumption that the tempera-
ture gradient across the sample which is being
measured is small. Practically all the methods
of calculation in use today also suffer from this
limitation and in practice there are calculation
schemes which can alleviate the problem.

ISOTHERMAL LAYERS
General Solutions

The total radiant flux is divided into two
parts:

I=the flux in the direction of the positive
X-axis

J=the flux in the direction of the negative
X-axis

An ubsorption coefficient a is defined by re-
quiring that (al dz) be the amount of the radi-
ation absorbed from the flux 7 on passing
through an infinitesimal layer dz; a scattering
coefficient. s is similarly defined by requiring
that the flux scattered backward from I (and
therefore added to J) in an infinitesimal layer
dz is (s dz). On passing through this layer, I
will then be diminished by the amount absorbed
and the amount scattered, but will be increased
by the flux lost by scattering from ./ or:

di/de=—(a+s)I+sJ 1)
Similarly,

dJ/dz=(a+s)J—sl (2)

The general solutions of these equations can
be found by putting

I1=Ce""+ Cre™" (3}
J=Ce"+Ce"* (4)

only two of the four constants Cy, (3, C;, C
being arbitrary. The solutions (using the
same notation as Hamaker) are then:

1= A(1—By) e+ B(1+y)e " (5)
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J=A(1+Bo)e*+ B(1—By) e~ (6)

ao=+va(a+2s) (7)
Bo=va/(a+2s)=a,/(a+2s) (8)

both roots being taken with a positive sign.
In these equations A and B are constants to be
determined by the boundary conditions.

where

Specific Solutions

One of the cases for which specific solutions
are desired is that of a layer placed in a beam of
diffuse radiation where there is reflection from
both internal and external surfaces.

At an interface where the index of refraction
is increasing, let the reflectivity equal p,. At
an interface where the index of refraction is
decreasing, let the reflectivity equal p, The
former parameter can be calculated from the
index of refraction by integrating the Fresnel
reflection over the solid angle of incidence and
dividing by the total radiation. This integra-
tion has been carried out by Walsh (ref. 9),
and numerical values for the reflectivity as a
function of the index of refraction have been
calculated and tabulated by Ryde and Cooper
(ref. 10). At an interface where the index of
refraction is decreasing, the reflectivity can be
shown to be [(n®—1)/n]+ (po/n?) where the
additional terms are due to the amount of light
that is totally reflected. These terms can be an
important, though very often neglected, factor
in heat-transfer calculations. For instance, for
a material with an index of refraction of 1.5,
p: would be 0.595; for a material of index of

refraction 2, p, would be 0.788, both factors
being quite significant.

In the following discussion there is assumed
to be no incident flux on the back surface
r=D.

Then the boundary conditions are that at
the front surface x=0, part p, of the incident
radiation 7, is reflected back, and part (1—p,)
is transmitted. The flux immediately below
this interface 7, is composed of this flux (1 — po) 7,
plus that flux reflected from the inner surface
of z=0 or puJ, or

at =0
[o=(l—Po)If+PzJo (9)
At the back surface z=1D), since there is no
incident radiation, the only flux is that part
p: reflected from the remaining forward flux
I, or

at z=D
JD=pi1D (10)

Substituting in these equations for I, J,, I,
and J, from equations (5) and (6) gives:

A(l"ﬁo)‘}'B(l+30):(1_P0)]t+PiA(1+60)
+pB(1—6,) (11)
and
A(1+By)er”+ B(1—pB,)e P =p, A(1— ;)P
+o.B(1+B)e? (12)
These are the equations to be solved for the
constants A and B for these particular boundary

conditions. They are (when the exponentials
are substituted for by hyperbolic functions):

e 1, 67°0°(1—po)[Bo(1+p1) — (1—py)] (13)
d 2{[B0*(14p.)*+(1—p)?] sinh ¢oD+28,(1—p.?) cosh oD} .
an
B 1,e°°(1—po)[Bo(1+p4) + (1—py)] (14)

2{[8o*(1+ p,)*+(1—p,)?] sinh ooD+28,(1—p.2) cosh soD}

Using these values in equations (5) and (6) gives the following expressions for 7, (the forward flux at

z) and J, (the backward flux at z):

-

Ii(1—po) { [Bo(1+p4) + (1—p) (1 4-Bo) e ~0%ee?
+[Bo(14p) —(1—p)](1—F,) e* e~7P}

(18X 1+ p)*+ (1—p,)7] sinh ool | 280(1—p) cosh oD} (15)
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=It(1—Po) { [60(1 +Pi)f(1 —Pf)](l —ﬁo)e—""re"‘p“jr[Qo(lﬂjﬂa) —(1'—Pi)](1 +5o)e’°ze—mp}

Jz

2{[Bo (14 po)2+ (1—po)?] sinh oD +284(1— p/*) cosh oy D}

(16)

In practice it is impossible to check these quantities experimentally; what can be checked,
however, is the transmission and the reflectivity. To arrive at these quantities the forward flux

immediately under the back surface I is determined by substituting D for z in equation (15).

Then

1,284(1—po)

Io= 31T o7+ (1—p o] sinh ooD+ 28,1~ p5) cosh oD

(17)

The transmission r is then the ratio of the amount of this radiation that gets through the

surface (1—pg)Ip to the incident radiation, or

T:ID(I—FH)

giving for the transmission

(18)

250(1—%)(1—!71) (19)

T:[502(1+Pt)2+(1_P1)2] sinh 0’0D+230(1—‘912) cosh oD

The reflectivity p can be found similarly if the fraction of incident radiation reflected from the front
surface pol is added to the amount of backward flux that gets through the interface (1—p)Js.

Then

Z[(l—01)2”502(1"P¢—2P0)(1‘|‘Pt)] sinh 00D+2§0(Po+9t)(1—m) cosh gD

P [B(1 T pF (1—p0"] sinh aoD+266(1— %) cosh auD 20
It is also possible to calculate the absorptivity o of the layer since a+p+7=1. Itis
284(1— po)[Bo(1+ p,) sinh ¢oD+ (1 p,) (cosh apD—1)] @1)

B2+ p)*+ (1—ps)?] sinh oo D+ 28,(1—p;2) cosh aoD

This is also the emission of the layer relative
to blackbody radiation according to Kirchhoff’s
law.

Determining Optical Constants From
Transmission Measurements

One of the objects of making transmission
measurements is to use them to calculate opti-
cal constants of the material. In order to do
this, equation (19) for the transmission of the
material has to be solved for the constants.
Cross-multiplying in equation (19) gives:

286(1—po) (1— p) =161 +p,)? sinh oD
4 1(1—p)? sinh geD+28,7(1—p?) cosh aD)
(22)

or, by regrouping the terms,

r(1—p,)* sinh aoD =8, {2[(1— po) (1 —p:)
—1(1—p.) cosh aeD]—7Bs(1 +p.)? sinh oD}
(23)
If two layers of thicknesses D, and D; and

transmissions r; and 7, respectively, are con-
sidered, then (dividing by equal quantities)
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TI(I_P1)2 sinh 00D1_2[(1_'Po)(l—Pz)—'Tl(l-Piz) cosh UoDx]— n80(14p,)? sinh ooy

72(1=p0)? sinh oDy 2[(1—po) (1—p,) — 72(1—p,?) cosh auDa]— r385(1+ p,)? sinh oo,

or (again cross-multiplying),

271(1—P0)(1‘—P¢)3 sinh oo
—27m72(14p,) (1—p,)? sinh gD, cosh oD,
~Borim2(1+0,)*(1—p,)? sinh o,D; sinh ,D;
=279(1-—py) (1—p,)® sinh ¢,D;
—2712(14p:)(1—p,)? sinh ¢,D, cosh gD,
—Bori2(149)2(1—p,)? sinh o,D, sinh UoD)g
25

All the terms involving 8, drop out of equa-
tion (25) giving (having made use of the identity
sinh z cosh y—cosh z sinh y=sinh (z—y))

sinh aoD,__sinh al);  (1+p,)
‘(1—90)

sinh oo(D;—~Dy)

T2 1

(26)

or, if sample thicknesses are chosen such that

D,=2D,=2D (27)
sinh 20,D sinh 6,D  (1+4p,) .
T2 71 _(I—Po) sinh oD (28)
but
sinh 22=2 sinh z cosh z (29)
and
2 sinh ¢,D cosh oD _sinh oD (1+4p,) .
T2 1 _(I_Po) sinh oD
(30)
and

I

allowing one to calculate ¢, from two trans-
mission measurements.

Once o, is known, 8, can be found either by
solving equation (19) by the quadratic formula,
or with an electronic data processing machine.

It should be noted at this point that these
equations are only valid for experimental
situations where diffuse radiation is incident
on a sample and the total hemispherical trans-
mission is measured. The usual spectrometer
experimental setup will not fill these require-
ments, since narrow angle illumination and

(24)

collection is used; however, a microbeam con-
denser with suitable corrections or an integrat-
ing sphere can approximate the proper condi-
tions.

NONISOTHERMAL LAYERS

In order to be useful in heat-transfer calcu-
lations, this theory must be extended to
nonisothermal situations. This can be done
(as is shown by Hamaker as well as Schuster)
if in each radiation equation a term is added
representing the amount of energy emitted
by the infinitesimal region. This is e£ dr
where ¢ is the emittance and E is the black-
body radiation at the temperature at z.
Making use of Kirchhoff’s law, this term be-
comes aF dx where a is the previously defined
absorption coefficient. An additional equa-
tion, the heat-balance equation, is now needed
expressing the fact that heat is neither accumu-
lated nor produced within the body:

]E((ilT?’+a(1+J) =20F (32)

where k is the lattice thermal conductivity.
The first term on the left side represents the
heat accumulated by conduction; the second
term is the heat absorbed from the radiation;
and the sum of these equals the heat loss by
radiation (the term on the right).

The total blackbody radiation is given by the
Stefan-Boltzmann equation:

E=q¢'n*T* (33)

where ¢’ is the Stefan-Boltzmann radiation
constant and 7T is the absclute temperature.
If the temperature is high and the tempera-
ture gradient not too large, then F may be
represented by

E=E0+b(T—‘To) (34)
where
b=4e'n*Ty® (35)

T, is a temperature close to the actual tem-
perature, and F; is the corresponding total
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radiation. When equation (35) holds, the
temperature may be fixed equally as well by
E as by T and, since this simplifies matters,
E rather than 7T has been retained in the
equations. The set of simultaneous differ-
ential equations is then

U o (o)l +sT+aE (36)

‘g: (a+8)J—sJ —aE (37)
2

kL fal+J)=2E (38)

Hamaker shows that the complete gen-
eral solution of these equations is:

I1=A(1—B) e+ B(1+B) e "+ ((ox—B)+ F (39)
J=A(1+8)e*+B(1—B)e~ "+ ((oz—B)+F (40)
E=—Axe*—Bre "+ (oz+ F (41)

where A, B, C, and F are constants and

P ‘vzikb—}-a(a—l—%) =/ (1+x) (42)

g

=a+2s

8 (43)
__ 2 2
““kla+2s) ko (44)
and the proper n? term which does not appear
in Hamaker’s work has been introduced here.

To illustrate how this theory might be used
the particular solutions will be derived for a
layer receiving radiation at both surfaces, and
where heat is being conducted away from the
surfaces. The amount of heat being con-
ducted away from the surface must equal
that conducted to the surface in the solid giving
one boundary condition at each surface. The
other two boundary conditions are supplied
by the radiation interchange at the surface.
The temperature (particularly at the surfaces)
and the emitted fluxes will be solved for.

Immediately below the front surface x=0,
the forward flux 7, is equal to that part of the
incident flux I, which is not reflected ((1—po) 1)

plus the amount of the backward flux at this
surface J, which was reflected (p/;}). Therefore

Io:(l—Po)It+PtJo (45)
or (substituting from eq. (39) and (40)):

A(1—B)+B(1+8)—CB+F=(1—p) I,
+p A(14-8)+pB(1—B8)+ 0, CB+Fp,  (46)
Similarly, immediately above the back sur-
face z=1I), the backward flux Jp is composed of
the part of the incident flux on this surface J,
which is transmitted ((1 —py)JJ,) plus the part of

the forward flux at this surface which is re-
flected (p./p), and

JD:(l_pO)Ji+prD (47)
or

A(1+B)e*+B(1—B)e~?+CleD+B)+F
= (1 —PO)J1+P4A(1 —ﬁ)e’D
+BP((1+ﬁ)e—”D+P40(0D—'ﬂ)+P1F (48)

If we define 5 as the gradient at the surface

times b,
(T (€
= b( dil? surface _(dx surface (49)

or, if the heat is conducted away by a gas,
_{dE _ —bg@,
= (—a; lur{ace— k (50)

where (), is the heat being conducted (or con-
vected) away by the gas. Then, since (by dif-
ferentiating eq. (41))

(31—15: — Axge”*+ Broe ™"+ (¢ (51)

the other two boundary conditions are

n==—Axo+ Bro+Co (53)
and
n=— Axce?+ Brae P+ Co (55)
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The four simultaneous equations (46), (48), (53), and (55) are then solved for the constants
A, B, C, and F where it has been found convenient to define a function consisting of the denominator:

Let
2(1—pg)(cosh eD—1)+[28(1+p) (1 +«)+xeD(1—p,)] sinh eD=ete (56)
Then
A— (e7"?— 1){ V(l—Po) (Il—b;i) +n[28(1 +Pt)+‘fD(1—'Pt)] } (57)
o etc

_(G’D— 1){o(1—py) (L“Jt)+"7[25(1+P1)+0'D(1—P1)] }
B= 20 ete (58)
C_—-2Ka(1-—Po) (I;—J}) sinh eD+49[(1—p,)(cosh ¢D—1)+B(1+p,)sinh ¢D]

= (59}

20 etc
20121 {(1—p,)(cosh eD—1)+[B(14+p,) (1 +x) +xeD(1—p,)] sinh ¢ D }
{ +20n2J [ (1—p;)(cosh eD—1)+8(1+p,)(1+«) sinh ¢D]

A —20nD[(1—p,)(cosh ¢D—1)+B(1+p,) sinh ¢D)] (60)

20 otc

Introducing these constants into equations (39), (40), and (41) makes it possible now to find
the fluxes and temperature at any point in terms of the incident radiant and thermal fluxes. They

are

[a(l —po) (Li—J)[e* (e~ P—1)(1—B) + (e~"P—1)(1 +4-B)e~*—2«(cx—pB) sinh ¢D]

+2{[28(14 ) +oeD(1—p/)][e**(e"P—1)(1—B) +e~"*(e’®— 1) (1+B)]
“+4(ox— 8 1+p,) sinh eD+(1—p, h eD—1
I— (ox—B)[B(1+p,) sin ( 92)‘50250 o ) e (61)
[0(1—po)(Ic—Jf)[e"’(e""D—1)(1+ﬁ)-f-e"’(e"b—l)(1—5)—2K(0X+B) sinh ¢D]
+2{(26(1+p) +6D(1—p,)][e*(e~*P—1) (1 +B) + &~ "*(e’®—1) (1—8)]
g (+4(ox+8){8(1+p,) sinh aD+(1—p12)a(c:::1 eD—1)]} iF 62)
—«ka(1—po)(I,—dJ,)[e™(e""— 1) +e~"*(e’’—1)+ 20z sinh oD]
—n{(28(1+p,)+eD(1—p,)][e*(e"P—1)+e~"*(eP—1)]
—40z[B(14p,)sinh ¢D+(1—p,) (cosh eD—1)]} ,
E= 20 etc +F
(63)

These are again not measurable quantities.
The quantities desired are the fluxes emitted at
each surface and the temperatures at the sur-
faces. At the back of the layer x=D the flux
emitted in the forward direction (here denoted
by 1.) is equal to the fraction of the forward
flux immediately under this surface I, which
is not reflected at this surface (1—p,)J, plus
the fraction of the incident radiation on this

surface which 1s reflected into the forward
direction pgf,, or

]az(l_P()ID+P0JI (64)

Similarly (where J, is the flux emitted in the
backward direction at the front surface),

Ja=(1—Pi)J0+POIi (65)
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Finally, the energy equivalent of the temper-
ature at the surfaces is found by substituting
r=0 and z=D into equation (63). Actually in
the constant b, the n? term should be the index
of refraction of the material in which the par-
ticular quantity is measured. In order to keep
the notation consistent in this part, the n?
term will be kept in the constant b but the
energy equivalent of temperature measured
outside the sample (here denoted by Ky and
E,p) will be divided by n?, so that the numerical
results will be correct. Before the results are
set down, it is desirable to define the following
functions since most of the equations are

radiation transfer through scattering and ab-
sorbing nonisothermal layers. The actual
choice of the independent and dependent
variables is arbitrary; for instance, it is also
possible to specify the surface temperatures and
perhaps assume no incident fluxes, then solve
for the emitted fluxes and the surface gradients
necessary to maintain the given situation.

Proper boundary conditions for several other
cases are given in Hamaker’s paper while
reference 11 shows some calculations for a
semitransparent layer on a metal. The latter
paper also discusses the nature of the gradient
changes al the interfaces, as well as the con-

symmetrical. siderations that occur when the layer gets thin.
Let, Another application is given in reference 12
_ 28(1—po)(1+«) sinh oD
A= eto (66)
=2(1—_‘(’L)(C~()Sh O'D_1)+[23(Po+91)(1+K)+KUD(1—P1)] sinh ¢D
fo= - (67)
_ (1_K)(1_Pt)(005h 0D—1)+[B(1+p;)(1+5)+K00(1—p¢)] sinh ¢D
fi= ote (68)
fi= (140)[(1—p.)(cosh Ulzt—cl)+ﬂ(1+p4) sinh ¢D)] (69)
fy= (1—p)[—2(cosh a£;l)+oD sinh eD} (70)
1,2 loDU+) (1= +25x(1 +0Nosh sD—1)-8eD(1—p.) sinh oD -

Then the desired terms are (where Q-, is the
negative of the heat removed by conduction,
and, therefore, n=50Q-,/k):

Ie:fllt +f2Jt “‘}“szQ—g (72)
Je=f21£+fiJl-f5K(!—g (73)
Ew=Hl+fJi—fs % Q- (74)
Eop=fd+foJ +fs 2—“,3 Q_, (75)
CONCLUSIONS

The previous section illustrates how analyt-
ical expressions can be obtained to describe

nt, etc

where radiation heat transfer through powders
is treated by using a model of a system of
layers through which the radiant transfer has
been calculated.

Whereas this simplified system allows one to
calculate analytic expressions for radiant trans-
fer in very complex situations, some of the
limitations of the method should be noted.
Even with perfectly diffuse radiation incident
on a sample, the assumption of diffuse radiation
right below n surface where the index of refrac-
tion is increasing is only an approximation,
since the radiation will be brought into a
narrower solid angle, as the result of refraction
at the interface. It is assumed that the radia-
tion is rapidly rediffused due to scattering.
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This treatment is, of course, invalid where
the scattering centers are so close together that
phase effects must be taken into account and
coherent scattering occurs. Also, the method
breaks down when the layers become so thin
that their properties change; that is, they can
no longer be considered to be homogeneous.
INustrations of this would be where the pores
might be relatively large compared with the
sample layer thickness.

Finally, it should be noted that the absorp-
tion and scattering coefficients measured or cal-
culated here from diffuse radiation measure-
ments and calculations are not the same as
would be measured by narrow angle measure-
ments. The narrow angle measurements meas-
ure changes in the image-forming part of the
radiation only. The absorption coefficient de-
fined here will actually be a function of the
scattering coefficient, since the scattering co-
efficient will determine the actual path length
through the sample and therefore the total
amount of absorption.
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8. Fundamentals of Thermal Radiation in Ceramic
Materials'

R. L. COX

LING-TEMCO-VOUGHT ASTRONAUTICS DIVISION, DALLAS, TEXAS

The thermal radiative properties of ceramics that depend on intrinsic optical constants
and microstructure are discussed. Surface reflections and volume emission in optically
smooth homogeneous materials are first reviewed. Scattering and absorption in hetero-
geneous materials are then considered, and a correlation is drawn between coefficients
predicted from single-particle theory and those utilized by the radiative-transfer equations.
The proper inclusion of surface reflections in the radiative transfer equations is discussed,
and surface roughness effects in general are examined. Throughout this paper emphasis is
placed on interpretation of existing knowledge in a way that will be of value in synthesizing
ceramic materials with desired radiative properties.

With the growing emphasis on thermal radia-
tion in aerospace applications, more and more
attention is being directed toward developing
materials with tailored thermal radiative prop-
erties. Demands are such that adequate re-
sults can no longer be obtained merely by
screening available materials. The approach
of synthesis must, therefore, be taken, requiring
the full utilization of all available knowledge.
Unfortunately, fundamental knowledge of ther-
mal radiation cannot be gathered from a few
sources but is widely dispersed among prac-
tically all the disciplines of physical science.
The thermal radiation specialist is thus faced
with the formidable task of assimilating the
knowledge that is available to him. The
objective of this paper is to bring together
existing knowledge in a small but important
part of the thermal radiation field and to
furnish some interpretation applicable to the
tailoring of radiative properties.

Ceramics are chosen as the general topic of
this paper because they are valuable in aero-

! See also Papers 7, 21, and 22.

space thermal radiative applications and
because they typify materials in which light-
scattering plays an important role in radiative
transfer. In general, though, the discussion,
or certain aspects of it, applies equally well to
other materials, particularly pigmented organic
coatings.

In tailoring the radiative properties of a
material, two areas of latitude are available.
One is in the selection or development of a
material with the proper combination of in-
trinsic optical properties. These are properties
of the homogeneous bulk material: the index
of refraction and the absorption coefficient.
Intrinsic properties of numerous materials
have been determined, and physicists are
successfully tailoring intrinsic properties for
specific applications. The second area of
latitude in synthesizing materials with specific
properties is in variation of microstructure.
Properties that are sensitive both to intrinsic
properties and to microstructure will be referred
to as induced properties. Included are emit-
tance, reflectance, transmittance, and the
optical properties of heterogeneous materials:

83
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the scattering coefficient and the apparent
absorption cofficient. The scope of this paper
is limited to induced radiative properties.

The discussion emphasizes the interpretation
of the phenomena of interest rather than re-
peating mathematical derivations which are
available elsewhere. The topics discussed will
include radiative transfer in homogeneous
materials, radiative transfer in heterogeneous
materials (with emphasis on the correlation
between particle-scattering theory and the
radiative transfer equations), and a special
case of light-scattering, the interaction of
thermal radiation with the surface of a material.
Wherever possible, correlation between ex-
periment and theory will be included and
attention will be drawn to voids in knowledge.

HOMOGENEOUS MATERIALS

A homogeneous material is defined as one in
which there are no discontinuities, such as
voids or foreign particles, that would cause
appreciable scattering. Examples of homo-
geneous ceramics are single crystals, such as
sapphire, and optical glasses.

The radiative performance of a homogeneous
smooth surfaced material can be completely
specified by a knowledge of its index of refrac-
tion, absorption coefficient, geometry, and the
bounding media. Since all materials emit or
absorb within their volume, distinction is drawn
between surface and bulk interaction between
radiation and the material.

Surface Interaction

The equations for reflection of electromag-
netic radiation at a smooth surface are well
known, and a comprehensive discussion can be
found in a textbook on physical optics, such
as that by Jenkins and White (ref. 1). This
section only states the laws and discusses some
of the properties of interest that are predicted
for ceramic materials. 2

Maxwell’s equations of the electromagnetic
field have been applied to the boundary be-
tween a material and the surrounding medium
to derive the laws of reflection for a plane
surface, with the following results:

1 See also Paper 5.

. tan’ (6—6)
P tan? (616)

where

__sin? (¢—¥8)
PL ™ sin? (¢ 4-0)

¢ angle of incidence

6 angle of refraction

py reflectivity for parallel polarized radi-
ation

p, reflectivity for perpendicularly polar-
ized radiation

These equations were first derived by Fresnel
from the elastic-solid theory and are known
as Fresnel’s laws of reflection. For unpolarized
incident energy the surface reflectivity is:

p=¥% (pu'I'PJ.)

The angles ¢ and 8 are related by Snell’s law:

. n .
sin ¢=— sin ¢
m
where

n index of refraction of the material
m index of refraction of the surrounding
medium

In general, the index of refraction of a mate-
rial is complex, with the imaginary part being
proportional to the absorbing characteristics
of the material. In Snell’s law, the appropriate
term then becomes

n' =n(1—1k)
where

k absorption index
n real part of the refractive index
n’ complex refractive index

The absorption index and absorption co-
efficient are related as follows:

_ah
4rn
where

« absorption coefficient
» wavelength

By substitution of the complex index of re-
fraction term into the Frespel equations, the
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importance of the absorption coefficient to
surface reflectivity can be assessed. For in-
stance, at a wavelength of 3 u and with a value
of 1.5 for the real part of the index of refraction,
an absorption coefficient of 660 cm™! is required
to increase normal surface reflectivity by 1
percent. Ceramics ordinarily have an absorp-
tion coefficient of 0.1 cm™! or less at wavelengths
of high transparency. The absorption co-
efficient increases at wavelengths approaching
an absorption band, but does not reach a value
sufficiently high to affect surface reflectivity
until well into the band.  Then, at wavelengths
in the immediate vicinity of the resonant fre-
quency, absorption becomes very strong and a
high surface reflectivity results. Simon and
McMahon (ref. 2) measured a reflectivity of
80 percent in quartz at a wavelength of 9 u.
Ordinarily, ceramics have absorption bands in
the near ultraviolet, the near to intermediate
infrared, and the far infrared.

Another interesting observation can be in-
ferred from the surface-reflection equations.
This is the prediction of a reflectivity of very
nearly zero for an index of refraction equal to
that of the surrounding medium and a low
value of the absorption coefficient. Since the
index of refraction of many ceramics passes
through unity as the infrared absorption band
is approached, it follows that the emissivity of
an opaque specimen will approach unity if the
absorption coefficient is not too high. This
effect has been frequently observed experi-
mentally. It occurs in quartz at a wavelength
of about 7 4, as is apparent from the measure-
ments of Simon and McMahon.

In the preceding discussion it was assumed
that light in the surrounding medium is incident
on the material. Fresnel’s laws apply equally
well for radiation within the material which is
incident on the interface, but 6 and ¢ must be
interchanged. However, one important differ-
ence exists for dense-to-rare refractions; a
critical angle of incidence (8,) is reached.
Above this angle all energy is internally
reflected.

Other interesting consequences of the laws
of reflectivity exist. Most striking is the
variation of the polarized components of
reflected energy with angle of incidence, as

illustrated by figure 1. Reflectivity for the
perpendicularly polarized component p, in-
creases continuously with increasing angle of
incidence to a value of unity at 90°, whereas
the reflectivity for the parallel polarized com-
ponent p first decreases, then increases to
unity as the angle is varied from 0 to 90°. The
angle at which the minimum is reached for Al
is called the principal angle of incidence . It
is seen that pjis zero at ¢ for a perfect dielectric
(transparent material), and that @ increases as
the absorption coefficient, and, consequently,
the reflectivity increases. It is evident that
reflected energy is partially polarized at all
angles other than normal incidence, and that
polarization reaches a maximum near ¢, being
complete at ¢ for the limiting case of a perfect
dielectric. Ordinary glass exhibits essentially
complete polarization of visible light at &.

By the reciprocity law relating emissivity to
reflectivity, the variation of reflectivity with
angle predicts a deviation from Lambert’s
cosine law for the emission of energy. The
calculated variation has been found to be in
excellent agreement with experimental obser-
vations for polished surfaces. The result of
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this deviation from Lambert’s cosine law is
that the normal emissivity of a homogeneous
ceramic is usually about 5 percent higher than
its hemispherical emissivity at wavelengths of
weak absorption. This trend is reversed, how-
ever, at these wavelengths if the ceramic has a
very high index of refraction. At wavelengths
of strong absorption, hemispherical emissivity
exceeds normal emissivity. Optical-constant
values at these wavelengths of strong absorp-
tion indicate that the calculated excess would
be in the range 5 percent to 20 percent.

The spatial relationship between the polar-
ized components of the reflected light is defined
by the azimuth angle y. It is the angle that
the resultant of the amplitudes of the polarized
components makes with the perpendicular to
the plane of incidence. For unpolarized inci-
dent radiation, the reflected azimuth is:

y=are¢ tan \/f—”
P

The value of ¥ varies from a maximum of 45°
at normal incidence to a minimum near ¢=4¢,
back to 45° at 90° incidence. The azimuth
angle at the principal angle of incidence is
called the principal azimuth angle ¢. The
value of ¢ decreases as absorption decreases,
and is zero for a perfect dielectric.

Another effect produced by reflection is a
change of phase between the incident and
reflected energy. For a perfect dielectric, the
phase change of the perpendicularly polarized
component is 180° at all incidence angles,
while the parallel polarized component under-
goes a 180° phase change at angles of incidence
greater than ¢. Thus, a phase difference
between the polarized components of 180°
exists up to the angle ¢; past this angle the
phase difference is zero. Absorbing materials
exhibit a continually varying phase difference
with angle, from a value of 180° at normal
incidence to zero at parallel incidence, passing
through a value of 90° at .

Since the angular distributions of the reflec-
tivities, azimuth angle, and phase difference
are determined by n and k, these optical con-
stants can be deduced from observations of the
characteristics of reflected or emitted energy.

Measurements of ¢ and of ¥ are particularly
useful in determining n and k.

Volume Emission

Gardon (ref. 3) demonstrated that the
emittance of a smooth sheet of homogeneous
material and its angular distribution can be
precisely defined from a knowledge of its
absorption coefficient and index of refraction.
In this analysis, the irradiation of an element
on the surface was first computed using the
model shown in figure 2. The total irradiation
of the surface element 8S was obtained by sum-
ming the contributions of all the volume ele-
ments 8V. The contribution of each element
was expressed in terms of an elemental volume
emissive power, the geometrical fraction of this
energy intercepted by &S, and the absorption
by the intervening material.

It was shown that a semi-infinite body
irradiates 8S with a total flux of n*Wp,, where
n is the index of refraction of the material and
Wa is the blackbody emission at the same
temperature according to Planck’s law. It
was also shown that the angular distribution of

E{r— v
T
|

&S

X ———

Sx—»

FiGURE 2.--Analytical model for radiative transfer in
homogeneous material.
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this radiation is a cosine function. For a
smooth-surfaced material, the fraction [1—(1/
n%)] of the internally incident irradiation on
8S is outside the critical angle of incidence,
and is totally internally reflected. The remain-
der is transmitted, except for the fraction that
is internally reflected in accordance with Fres-
nel's law for angular surface reflectivity. It
is this internal reflectivity that causes the
emissivity of a homogeneous semi-infinite body
to be less than unity and to conform with the
reciprocity law that 1—py,=ey where py and
e are reflectivity and emissivity, respectively,
at wavelength , and angle ¢.

Considering sheets of glass, Gardon showed
that the value of the product of the absorption
coefficient and thickness must be at least 3.5
for the emission to be essentially equal to that
from a sheet of infinite thickness. For thinner
sheets, some of the emitting elements are ab-
sent, and multiple reflections between the faces
of the sheet occur. The total irradiation of 48
is thus diminished, and its angular intensity
distribution is altered from a cosine function.
The result is a lowered emittance and a changed
angular distribution of emitted energy. It can
readily be seen that, if the sheet does not ex-
tend infinitely in the direction parallel to the
plane of the surface, irradiation of S, and thus
emission, will be reduced further.

The thickness required for opacity of a homo-
geneous ceramic can be inferred from Gardon’s
product of the absorption coefficient and the
thickness. At wavelengths for which the ma-
terial is highly transparent, a thickness of
greater than 1 foot is often required, com-
pared to a thickness of a few mils in the region
bordering an absorption band (where the influ-
ence of the absorption coefficient on surface
reflectance just begins to become noticeable).
At wavelengths close to the resonant frequency,
only a few microns are required for opacity.

Computations were made to illustrate the
combined roles of volume emission and surface
reflectivity in establishing the emittance of a
homogeneous ceramic. A hypothetical coating
of 10-mil thickness applied to a substrate of 0.5
reflectivity was assumed for this purpose. A
wavelength of 3 4 was selected, and isothermal
conditions were assumed. Normal spectral

757-044 0-65—7

emittance was calculated to simplify the ex-
pressions involved. For these conditions, the
one-dimensional treatment cited by Blau (ref.
4) is applicable; accordingly, the following equa-
tion was employed:

_(=pn)(1—p,e7P)
(1—pawp, €7220)

[V

where

e~  normal spectral emittance of substrate-
coating combination

m~  surface reflectivity of coating from Fres-
nel equations at normal incidence,
(n—1)2+nk?
n+1)24-n??

s substrate reflectivity into coating (=0.5)

a absorption coeflicient

D coating thickness

Calculations were carried out for real parts of
the refractive index of 1.0, 1.5, and 2.0, and for
absorption coefficients from 10 to 50,000 cm ™.
Results are shown in figure 3. Also shown is
the emittance curve for an infinite coating thick-
ness. It is seen that the normal spectral emit-
tance of the coating increases gradually with
increasing absorption coefficient until the coat-
ing becomes opaque at a value of about 1,000
em™'. Any further increase in the absorption
coefficient decreases emittance, gradually at
first, and then rapidly as values greater than
10,000 em™! are reached. Also of interest is the
fact that the maximum emittance attained is
only slightly lower than that of an infinitely
thick coating of less strongly absorbing material.
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Of further interest is the fact that the effect of
the real part of the refractive index is most pro-
nounced at absorption coefficient values for
which the emittance is highest.

Heat transfer through a homogeneous ceramic
or emission from a nonisothermal volume within
the ceramic is of interest in some applications.
Increasing transparency increases the overall
heat flow rate for a given set of boundary condi-
tions, and redistributes the internal tempera-
tures. The heat transfer formulation necessary
to define internal temperatures must take into
account both the true thermal conduction and
the three-dimensional radiant flux. Most of
the work in this field has been devoted to heat
transfer in glass. Gardon (ref. 5) shows the
correct formulation of the problem, and presents
numerical results for sheets of glass undergoing
heating and cooling.

HETEROGENEOUS MATERIALS

Studies of the scattering and absorption of
thermal radiation in a heterogeneous material
can be categorized in two basic areas: (1)
scattering by individual particles, and (2)
radiative transfer in a medium containing many
scattering centers. The first area concerns the
definition of the scattering and absorption
coefficients of a single particle from a knowledge
of its geometry and physical properties, and the
characteristics of the incident radiation.

A comprehensive treatment of the problem of
single scattering by independent particles,
including the results of numerous investigators,
has been published by van de Hulst (ref. 6).
The rigorous theory, along with various sim-
plifications, is presented and a good cross-
section of the various cases that have been
solved is included. (These solutions are exact
when the physical situation approaches the
theoretical model.) A sufficient number of
cases have been solved to enable a variety of
scattering situations to be studied without
having to resort to additional tedious exact
solutions.

The second area concerns the definition of
radiative transfer within and from a scattering
system. Differential equations describing the
radiant flux are formulated in terms of ‘“‘appar-
ent”’ absorption and scattering coefficients. A

closed solution is possible for the one-dimen-
sional formulation, and is very useful in
specifying the radiant flux (or flux ratios:
emittance, reflectance, and transmittance) in
many practical scattering systems. The radi-
ative-transfer equations are thus seen to do
nothing toward predicting the absorption and
scattering coefficients, but predict system
performance once these coefficients are known.

The absorption and scattering coefficients
employed by the one-dimensional radiative-
transfer equations are related to, but not equal
to, the coefficients defined by single-particle
theory. The scattering coefficient differences
are, chieflv, a result of two facts. First, the
radiative transfer equations employ a back-
scatter coefficient, while the single-particle
theory defines a total spherical scattering
coefficient. This difference can be largely
reconciled by integration of the single-particle
scattering over the backward hemisphere,
which has been done in a few cases. Second,
the theory of single scattering by independent
particles breaks down when particles are
brought into close proximity. The precise
conditions implied by the theory are that each
particle must have sufficient room to form its
own scattering pattern without interference
from neighboring particles, and that each
particle must be exposed to the original beam
of parallel incident light. According to van de
Hulst, independent scattering has been esti-
mated to occur as long as particles are separated
by a distance of at least three times their
radius. This condition often exists in practical
ceramie systems.

Multiple scattering, however, occurs in al-
most all heterogeneous ceramic systems. It 1s
accounted for approximately in the one-dimen-
sional radiative-transfer formulation by em-
ploying two oppositely directed fluxes. Limited
experimental data exist to correlate back-
scattering coeflicients from single-particle
theory with those required by the radiative-
transfer equations. However, as will be seen
later, these data indicate that for cases where
independent scattering occurs, reasonable quan-
titative predictions are possible. The differ-
ences between apparent absorption coefficient
values predicted by single-particle theory and
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those required by the radiative-transfer equa-
tions are more serious. They arise from the
one-dimensional nature of the radiative transfer
formulation. Little progress has been made
toward quantitatively correlating these absorp-
tion coeflicient differences, but available ex-
perimental data indicate that they are large.
The net value of single-particle theory can
thus be seen as two-fold: (1) quantitative
predictions in conjunction with the radiative-
transfer equations are possible for certain
practical cases of independent scattering and
negligible absorption, and (2) qualitative pre-
dictions of trends are possible for other cases.

Particle Scattering

Scattering is fundamentally an interaction
of electromagnetic radiation with a particle to
produce a redirection of energy. It is always
accompanied by some absorption within the
particle. If the particle is large compared with
the wavelength of incident radiation, reflected
and refracted energy can be distinguished from
diffracted energy; but for small particles, no
such distinction is possible. The theoretical
determination of the scattering and absorption
characteristics of a particle involves obtaining
a solution to the Maxwell equations for the
interaction between the “applied” electromag-
netic field and the particle. The rigorous formu-
lation is applicable to particles of arbitrary size,
and, for spherical particles, is known as the
Mie theory. A complete numerical computa-
tion is a tedious undertaking, but for several
limiting cases excellent approximations can be
obtained with greatly reduced effort.

Considering first dielectric particles, the
quantity of primary interest for application to
radiative transfer in ceramics is a parameter
specifying the fraction of the energy incident
on a particle that is scattered in a backward
direction. A backscatter effectiveness Ky is
introduced for this purpose, and is defined in
terms of the product of two other coefficients.
The first is the scattering efficiency @, which
is defined in the usual way as the ratio of total
radiation scattered in all directions to that
intercepted by the projected area of the particle
normal to the beam of incident radiation. The
second is the backscatter ratio , defined as the

fraction of the scattered energy that emerges in
the backward hemisphere. In practical ceramic
systems, efficiency may range from values much
less than unity to values near 6. The back-
scatter ratio ranges from about 0.5 to less than
0.01 in similar situations. Efficiency and back-
scatter are affected primarily by the ratio of
the particle size to the wavelength of the inci-
dent radiation, and by the index of refraction
of the particle relative to the index of refraction
of the surrounding medium. Particle shape and
orientation also influence the efficiency and the
backscatter ratio.

In discussing scattering, it will be helpful to
employ the particle size factor z and the phase
shift factor P, defined as follows:

P=2z|m—1|
where

r radius of particle

M wavelength of incident radiation in the
medium surrounding the particle

m  ratio of index of refraction of particle to
that of surrounding medium

The factor P is useful in correlating scattering
efficiency @,; and nondimensional curves of
this correlation were formed from information
presented by van de Hulst in reference 6.
The factor z provides a more illustrative nondi-
mensional correlation of the backscatter ratio 7,
and curves were computed from scattering
intensity diagrams presented by van de Hulst.
Figure 4 shows Q, as a function of m and P,
and figure 5 presents 7 as a function of m and z.
The product Ky=1Q, is presented as a function
of m and P in figure 6.

INFLUENCE OF PARTICLE SIZE

The effect of particle size (relative to wave-
length) is first examined for values of the index
of refraction of the particle not significantly
greater than that of the surrounding medium.
The appropriate curves in figures 4 and 5 are
labeled m—1 to designate this condition.
When the physical dimensions are small relative
to wavelength both inside and outside the
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particle (that is, when r and the product mr
are much less than unity), the domain of
Rayleigh scattering is encountered. Rayleigh
scattering is thus limited to small values of P
on the m—1 curve of figure 4 but it is not
necessarily limited to values of m close to 1.
Scattering is by dipole radiation, and efficiency
is very low and proportional to the fourth
power of the ratio of particle size to wavelength.

In the Rayleigh domain, an isotropic particle
has a backscatter ratio of 0.5 for incident
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unpolarized radiation, as shown in figure 5, and
scattered energy is fully polarized at 90° to the
direction of propagation. As P is increased at
values of m close to 1 but remains much less
than 1, a transition to the Rayleigh-Gans
domain is made. The criteria for Rayleigh-
Gans scattering are that P<<1 and m—1,
which allow a somewhat larger particle size.
Radiation from each volume element of the
particle now interferes with that from other
elements. Scattering efficiency continues to
increase, but the rate of increase is diminished
from a fourth-power dependence on particle
size to a second-power dependence as the
Rayleigh-Gans domain is traversed. Efficiency,
however, remains significantly less than unity,
as seen in figure 4. As particle size is increased
in this domain, the backscatter ratio decreases
from 0.5 to a very low value, and approaches
zero for large particles. Figure 5 illustrates
this trend.

A further increase in particle size places the
scattering in the anomalous-diffraction domain.
The physical effect now becomes one of inter-
ference between transmitted radiation and
diffracted radiation. As particle size is in-
creased in this domain, scattering efficiency
continues to increase until an efficiency value
of about 3 is reached with favorable interference
at P=4.1. Still larger particle sizes result in
unfavorable interference, and efficiency is
reduced to about 1.5. As shown in figure 4,
this pattern of maxima and minima continues
as particle size is further increased, oscillating
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about an efficiency value of 2 with a decreasing
amplitude. In the upper limit of the
anomalous-diffraction  domain, interference
effects diminish, and the scattered radiation can
be separated into two components. The first
component is radiation transmitted essentially
according to the laws of geometric optics; the
second component is radiation diffracted
around  the  particle. Throughout  the
anomalous-diffraction domain, scattering re-
mains predominantly in the forward direction.

INFLUENCE OF REFRACTIVE INDEX

The preceding discussion of scattering
domains shows how increasing the particle size
relative to the wavelength affects scattering
efficiency and backscattering for the case of the
particle refractive index not significantly greater
than that of the surrounding medium. It is
also interesting to examine how efficiency and
backscattering are affected by the refractive
index.

First consider the transition in refractive
index ratio from m—1 to m—w for a constant
small particle size (z<{<(1). Scattering efficiency
increases with increasing m, and eventually
the regime of optical resonance is encountered.
Here, scattering efficiency is very high, with a
value of about 50 at m=9. Although the
proper conditions for optical resonance are not
closely approached for refractive index values
common in ceramics, an indication of the effect
does occur; it can be seen as a bump on the @,
curve of figure 4 at P=3 and m=2. As m
approaches infinity, incident radiation can no
longer penetrate the particle; thus resonance
does not occur, and a greatly reduced scattering
efficiency results. However, the terminal value
of @, at m—o is considerably greater than the
starting value at m—1. As shown in figure 5,
the backscatter ratio increases from a value of
0.5 at m—1 to a value of 0.9 at m—wo, with
unspecified intermediate values.

For small values of the phase shift parameter
(P<(1.5), increasing or decreasing the index of
refraction ratio from unity at constant 7
decreases scattering efficiency, as can be seen
from figure 4. Although not readily apparent
from figure 5, the backscatter ratio increases
with increasing m in this regime.

At values of the phase shift parameter greater
than about 2.5, increasing the index-of-refrac-
tion ratio produces a marked increase in scatter-
ing efficiency, as can be seen in figure 4 for
values of m ranging from 0.8 to 2. Figure 5
shows that the index of refraction has an even
greater influence on the backscatter ratio as
m is increased from 1.33 to 2 at constant P.
Demonstrating the influence of index of refrac-
tion on overall backscatter effectiveness Ky=
@n, figure 6 shows that a gain of about an
order of magnitude results from increasing
m from 1.33 to 2. Tt is this combined effect
that satisfactorily explains the large increase
in the reflectance of pigmented white paints
with increase in the refractive index of the
pigment. The effect is due primarily to in-
creasing the backscatter ratio, rather than
scattering efficiency, as is usually supposed.

Figure 6 also allows some other interesting
interpretations. One is that maximum back-
scatter effectiveness K occurs at a larger value
of P than does spherical scattering efficiency
Q.. For an index-of-refraction ratio of 2,
maximum ¢, oceurs at P=4.3, while maximum
Ky occurs at P=5. Furthermore, K, is
significantly less sensitive to P than is Q,. The
above values and trends exhibited by Kj, re-
sulting from the combination of a backscatter
ratio with the usual spherical scattering effi-
ciency, permit a much improved correlation
between single-particle theory and experimental
observations with groups of particles, as will be
discussed later.

INFLUENCE OF PARTICLE SHAPE AND
ORIENTATION

The effects of particle shape and orientation
on scattering efficiency and the backscatter ratio
have been much less completely studied than
have the particle-size and refractive-index
effects. The available information indicates
that scattering increases with an increase in the
ratio of surface area to particle volume, at
least in the regions of moderate to small P.
Figure 4 shows results for a cylinder oriented
perpendicular to the incident light at m—1,
showing a definite increase in @, at P<4.
Existing solutions show that for moderately
large particles in the Rayleigh-Gans domain
(P<<1), the scattering efficiency of a cylinder
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oriented perpendicular to the incident radiation
is about 30 percent higher than that of a sphere
(compared at equal values of P based on radius).
For very small particles, computations for a
cloud of randomly oriented long prolate sphe-
roids (approaching a cylinder) show a 20 percent
overall increase in net backscatter relative to
that from spheres of the same volume.

INFLUENCE OF ABSORPTION

Since all real materials absorb, the proper
use of scattering theory must include both
direct absorption by the particle and the effect
of absorption on the scattering efficiency.
Direct absorption is defined in terms of absorp-
tion efficiency Q., which, analogous to scattering
efficiency, is defined as the ratio of incident
radiation absorbed to that intercepted by the
projected area of the particle normal to the
beam of incident radiation. The magnitude of
the absorption efficiency is illustrated in figure
7 for the case of a spherical particle and m—1.
For these conditions, ¢, can be expressed in
closed form as:

e-—ZP tan B 1___6—2P tan B
QF‘“[QP tan B~ (2P tan B)“’]

The angle B relating ¢, to the absorption
characteristics of the particle material is defined
as:
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FiGuRE 7.—Scattering and absorbing efficiencies of
spherical particles.

The influence of absorption on scattering is

also shown for m—1 in figure 7. The appro-
priate expression for @, is:
Q,=2—(J),—4e P08 (E;—,E sin (P—B)

2
—48_P tan B(%@) CcOoSs (P_QB)

2
+4 (COS B) cos 2B

P

For large values of B, absorption greatly reduces
scattering efficiency, and it becomes the domi-
nant mode of extinction for small values of P.

The values of the angle B shown in figure 7
correspond to very strong absorption for a
ceramic particle at size and wavelength ranges
normally encountered. For instance, with a
l1-u-diameter particle at P=4, a value of 15°
for B implies an absorption coefficient a of
21,400 cm~!. Since o values of less than 1
em~! are common at wavelengths of importance
in radiant transfer in ceramics, it is desirable
to examine absorption effects for these cond:-
tions. The equation defining the scattering
efficiency curve at m—1 shows that for small
values of B, , is essentially that for B=0.
The equation for absorption reduces to:

4 4
Q,,—EP tan B—§ ra

which is a good approximation as long as P
tan B<1. At these small values of B, scatter-
ing is dominant until P<{<1.

Only limited data exist comparing the trends
predicted by figure 7 for the case m—1 to those
obtained by rigorous solution of the Mie formu-
lation for real values of m in the range of interest
in ceramics. However, existing results for
extinction efficiency (Q,+Q.) of a sphere with
an index of refraction of 1.29 follow very closely
the trends inferred at m—1 for comparable
values of the angle B. In studies with weakly
absorbing ceramics, @, can be closely approxi-
mated by using the appropriate value predicted
for nonabsorbing particles. If m is not very
far from one, a reasonable approximation to
Q. for a weakly absorbing sphere may be
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obtained by multiplying the @, for a nonabsorb-
ing sphere by the ratio of ,/Q, predicted by
the theory for m—1.

Groups of Particles

The discussion of particle scattering showed
that the behavior of a single particle can be
precisely defined by theory if its geometry, its
properties, and the nature of the incident light
are all known. From a practical viewpoint,
interest here is in the application of theory to the
behavior of groups of particles. Existing ex-
perimental data show that single-particle theory
provides correct predictions when particles are
widely separated and multiple scattering does
not occur. Under these conditions, the total
energy scattered is simply the product of the
number of particles and the energy scattered
by each. An overall backscatter coefficient
is then defined as:

Sa=NAK,=V, (;3) Ks

where

N number of particles per unit volume

A projected area of particle normal to
incident energy

Ky,  backscattering effectiveness of a particle

V, fraction of total volume occupied by
particles

¥y volume of a particle

The units of S, are the reciprocal of length.
An apparent absorption coefficient a is simi-
larly defined by replacing K; by Q..

Some interesting facts are implied by the
equation for Sp. One is that, for a given V,
and Kj, maximizing the particle area per unit
volume maximizes the backscattering coeffi-
cient. Since K, is influenced by shape, the
relationship between particle area and back-
scattering coefficient is not direct, but, in
general, nonspherical particles are most effec-
tive. The equation also shows that, for a
given V, and A/r,, the backscattering coeffi-
clent is maximum when the product Ky(A/v,)
is maximum. To see this more clearly, con-
sider spherical particles, where Afv,=0.75/r.
Then Sp is maximum at maximum Kj/r, which

usually does not coincide with maximum Kj.
Smaller particles are thus favored, and the
tendency is to provide a broader range of
particle sizes for a maximum backscattering
coefficient than would be inferred by K alone.

As long as the conditions of single-particle
theory are met, the backscattering coefficient
for a layer of unit depth is directly proportional
to the concentration of the particles in a non-
absorbing matrix. Bruehlman, Thomas, and
Gonick (ref. 7) measured relative reflectances
of titania-pigmented organic films, and ob-
tained an indication that the direct proportion-
ality does not hold above concentrations of
about 10 percent for the particular degree of
dispersion they obtained. If the particles are
suspended in a semi-infinite nonabsorbing
medium, the reflectivity of a system meeting
the conditions of single-particle theory will be
independent of particle concentration (that is,
the same number of particles will be encountered
regardless of dilution, but in the more dilute
system light will penetrate to a greater depth).
Blevin and Brown (ref. 8) have used this
approach to determine the dilution levels at
which the backscattering coefficient is no
longer directly proportional to concentra-
tion. By measuring reflectivities of various
pigments and concentrations in both semi-
infinite water and air matrices, they found a
direct proportionality of the backscattering and
absorption coefficients up to concentrations of
about 25 percent.

Above the concentration level at which prox-
imity effects become important, the backscat-
tering effectiveness K drops off fairly rapidly.
Results obtained by Bruehlman, Thomas, and
Gonick imply that the backscatterine effective-
ness at a 45-percent pigment-volume concentra-
tion is about 30 percent of the value at low
concentrations. Maximum reflectance from a
thin layer is obtained at a concentration
greater than that for maximum Kj, since
the product Kz V, is involved in the equation
for S5 Bruehlman, Thomas, and Gonick
found this concentration to be about 25 percent
in their studies with titania paints.

A practical point of interpretation is en-
countered when applying single-particle theory
to highly concentrated scattering systems --at
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some concentration the scattering center be-
comes more correctly the intervening medium
than the particle. This is of importance because
of the widely different backscattering coefficients
that are predicted, depending on the choice
of the scattering center. Numerous published
data on low concentration particulate systems,
such as colloidal dispersions and well-dispersed
paint pigments, show that for such a situation
particle size most accurately predicts scattering
characteristics. In the other extreme of a high
density ceramic of porosity less than 10 percent,
measurements by Lee and Kingery (ref. 9)
show that for this condition correct predictions
from theory are obtained when the pore is
taken as the scattering center. Data in the
transition region are limited. A study by
Berry (ref. 10) has shown that the wavelength
dependency of scattering by silver bromide
particles embedded in a gelatin matrix is cor-
rectly predicted by taking the particle as the
scattering center at concentrations of 9.5 and
17.2 percent. At a concentration of 64.5
percent, however, his results show that the
wavelength dependency of scattering is more
accurately predicted by regarding the gelatin
matrix as the scattering medium. These
limited data in the transition region suggest
that it is reasonable to regard the smaller
volume fraction as the scattering medium.
The relationship between the apparent ab-
sorption coefficient @ and the intrinsic-absorp-
tion coefficient « of the particle material is
important, even in weakly absorbing materials,
since the reflectance of an optically thick
specimen is directly related to the ratio Sp/a.
In the regime where single-particle theory holds,
the apparent absorption coefficient is related
to the intrinsic-absorption coefficient by the
absorption efficiency @,, as stated previously.
In the limiting case of weakly absorbing
particles with m—1, in a nonabsorbing matrix,
this reduces to the simple volume fraction
relationship a=V,a. For cases differing sig-
nificantly from these conditions the error in-
troduced by such a simplification is appreciable;
thus the more general approximation employing
Q, should be used. When the matrix is ab-
sorbing and only single scattering occurs, a
close approximation to the combined apparent-

absorptinn coefficient is given by the expression:
A
a=V, o Q.4+ 11—V, )an
4

where «, is the intrinsic absorption coefficient
of the matrix material. Again, exact validity
is limited to cases where the particles are weakly
absorbing with m—1. Unfortunately, the
limits to which this expression is reasonably
valid, even for cases of single scattering without
proximity effects, have not been well estab-
lished. When multiple scattering occurs, the
absorption picture is significantly altered.
Insufficient experimental data presently exist
to draw conclusions as to the effects of multiple
scattering on the absorption coefficient.

Reflection from groups of particles in the
regime of geometrical optics has been studied
apart from single-particle scattering theory.
Melamed (ref. 11) analyzed the case of in-
finitely thick powders composed of diffusely
reflecting spherical particles. He derived equa-
tions relating powder reflectivity to the particle
material intrinsic absorption coefficient, index
of refraction, and diameter. In regions of
moderate absorption, experimental results cor-
related well with theoretical predictions. Be-
cause of the large particles involved and the
analytical requirement of infinite thickness,
only a relatively small number of scattering
problems in ceramics can make direct appli-
cation of his results.

Radiative Transfer Equations

In u group of particles conforming to the
limiting cnse of single scattering, all radiant
flux that encounters a particle is traveling
in the direction of propagation.  When multiple
seattering occurs, or when the group of particles
is bounded by a reflecting medium, a com-
ponent of radiunt flux opposite to the direction
of propagation also encounters particles. To
allow an analyvtical specification of radiant
transfer i this more complex case, a number
of investipntors have formulated a system
of differential equations defining the transfer
process.  For the case of an isothermal body,
the work of Richmond (ref. 12) is illustrative
of the one-dimensional formulation and inter-
pretation.  The analytical model employed
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is shown in figure 8. An elemental layer of
thickness dr and of infinite extent in the plane
perpendicular to the axis of propagation is
considered. It is assumed that energy is
laterally scattered into and out of a unit area
at equal rates, and the differential layer is
treated as if it were homogeneous. Forward
and backward components of the flux are
defined as I and J, respectively. Differential
equations attributing the changes in this flux
as it traverses dz to a backscattering coefficient
and an apparent absorption coefficient are
written. The simultaneous solution to these
equations, with the proper substitution of
boundary conditions, then specifies the flux
leaving the material as a function of that
incident, and thus can be written in terms of
emittance, reflectance, and transmittance. The
resulting equation for the hemispherical emit-
tance of a coating is:

e=1—[p,+(1——p,)

(1—py (L= s P—(14+8)4, e“"’]
! A A, e’ — A, A, =P

where

1={148)—p,(1—8)

A;=(1+48)—p(1—8)

A3= (1 _ﬁ)_Pc(l +ﬂ)

A= (1 —B)"Pt(l +B)

B =va/(a+28s)

o =va(a+28Sg)

D coating thickness

¢  apparent absorption coefficient

Sp  backscattering coefficient

p. reflectance of the coating-air interface for
externally incident diffuse irradiation

pi reflectance of the coating-air interface for
internally incident diffuse irradiation

ps reflectance of the substrate for radiation
incident from within the coating

The terms a and Sy have the same meaning as
before, but because of the effects of proximity,
multiple scattering, and diffuse illumination,
they are expected, in many cases, to deviate
appreciably from single-particle theory predic-
tions for a group of particles. Also, as will be

discussed later, the one-dimensional nature of
the derivation limits the direct applicability of
the single-particle absorption coefficient. Since
the radiative properties of all materials are
basically wavelength dependent, the above
equation applies to spectral quantities. The
equation is equally valid for directional emit-
tance if the proper directional value of p, is in-
corporated and if the refraction angle of the
“incident” illumination is less than 60° (ref. 13).
The proper interpretation of the surface
reflectance terms in the radiative-transfer equa-
tions is elusive. If the system under consid-
eration is composed of particles dispersed in
the surrounding medium (such as fog), surface
reflectance does not exist, and scattering com-
mences with the outer layer of particles. On
the other hand, if the particles are dispersed in
a continuous phase different from the surround-
ing medium (such as the vehicle of a paint), reflec-
tion will occur at the interface between the
surface of the continuous phase and the sur-
rounding medium. If this interface is a plane
surface, the internal and external reflectivities
can be computed by Fresnel’s laws of reflection.
To allow the internal reflectivities to be com-
puted in this manner, the internal fluxes are
usually assumed to be diffuse. The accuracy
of this assumption can be very poor, as dis-
cussed by Kottler (ref. 14) for the case of opal
glass, but the assumption probably is reasona-
ble for intensely scattering materials, such as
white paints. The interpretation of the sur-
face-reflection terms for cases intermediate
between particles dispersed in the surrounding
medium and plane continuous surfaces is more
difficult. In particular, a porous ceramic with
a mechanically formed surface such as one cut
with a diamond wheel presents a surface that
s neither smooth and continuous, nor com-
posed of the same scattering geometry as that
within the material. An exact definition of
surface reflectance is not possible within the
present state of knowledge of surface-roughness
effects, and accurate determination of the
surface-reflectance terms requires measure-
ment. Reasonable approximations can prob-
ably be made for high-density ceramics by using
the Fresnel equations, and for high-porosity
ceramics by ignoring surface reflections.
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The validity of the radiative-transfer equa-
tions is compromised to some extent by the
one-dimensional nature of the derivation. Kot-
tler indicates that an experimental dependency
of the backscattering coefficient on depth within
the material is predicted by the three-dimen-
sional radiative-transfer formulation. He pre-
sents experimental values for opal glass that
vary considerably with the thickness of the test
specimen. For intensely scattering, nearly
opaque ceramics, it is expected that the error
introduced by using a one-dimensional analysis
would not be excessive. Also, as mentioned
previously, the direct applicability of the
apparent absorption coefficient predicted from
single-particle theory is compromised by the
one-dimensional nature of the derivation. This
results from the fact that the theoretical model
accounts only for absorption of radiant flux
traveling in a forward or backward direction,
whereas, in actuality, absorption also occurs in
the laterally scattered flux prior to its being
re-scattered out of the elemental slice. Thus
an apparent absorption coefficient significantly
greater than that predicted by single-particle
theory would be expected for the one-dimen-
sional radiative transfer equations. The cor-
relation would be expected to be a complex
function of the absorbing and scattering proper-
ties of the particles.

It is of primary interest to compare the com-
bined predictions of single-particle theory and
the radiative-transfer equations with experi-
ment, since the ability to predict the perform-
ance of a light-scattering ceramic is of great
value in tailoring its properties. Very little
quantitative comparison is available in the
literature for systems of interest. The work of
Harding, Golding, and Morgan (ref. 15) on
anatase-titania-pigmented paints is applicable,
however. They tested four particle sizes at
three concentration levels up to 25 percent,
and inferred a backscattering coefficient from
the radiative-transfer equations. By compar-
ing these coefficients with those calculated from
single-particle scattering efficiency (spherical
scattering), they defined an empirical light-
scattering efficiency term FE which serves the
same function as the present backscatter ratio
7. Their values of F ranged from approxi-

mately 0.03 to 0.20, depending on wavelength,
particle size, and concentration. These E
values agree reasonably well with correspond-
ing n values, especially for the low concentration
case (17 percent). For instance, they report
an E value of 0.0405 at a mean particle diameter
of about 0.35 x and a mean wavelength of about
0.6 u. The index of refraction of anatase
titania is 2.52, and the index of refraction of
their organic vehicle is about 1.53. The cor-
responding values of z and m are 2.8 and 1.65,
respectively (with z referred to the wavelength
of radiantion within the vehicle). By interpo-
lating logarithmically in figure 5, a value of
n=0.07 is obtained. The resulting scattering
coefficient predicts a reflectance for a 2-mil
paint film differing only about 5 percent from
the value measured by Harding, Golding, and
Morgan. This agreement is considered good
because (1) their experimental accuracy may
not have greatly exceeded 5 percent, (2) the
present comparison was made at a unique wave-
length of 0.6 y, while the measurement utilized
an amber light filter which transmits over the
wavelength range of 0.5 to 0.7 g, (3) Harding,
Golding, und Morgan referred their efficiencies
E to a universal scattering curve which is only
approximate in that it does not fully account
for refractive index effects, and (4) Harding,
Golding, and Morgan employed an approxi-
mate formulation of the one-dimensional radi-
ative-transfer equation in reducing their experi-
mental data. The approximate formula they
used does not account for surface reflections.

The net result of these reservations is that
the uncertainty in measured £ values 1s
probably of magnitude comparable to the
difference between E and 7, especially in view
of the fact that the computed E values are
very sensitive to reflectance measurement
errors. (For example, a 5-percent error in
reflectance produces up to a 70-percent error
in E) These limited data suggest that if the
theoretical backscatter ratio » is employed,
single-purticle theory may be able to predict
backseattering coefficients for low concentra-
tion dispersions about as accurately as they
can be measured. As previously discussed,
proximity effects become important at concen-
trations sbove about 25 percent, and single-
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particle backscattering coefficient predictions
would not be expected to hold without modifica-
tion here. Additional work is needed to more
generally correlate theoretical backscattering
coefficients with those required by the radiative-
transfer equations.

A comparison of the apparent absorption
coeflicient of the radiative-transfer equations
with that predicted by single-particle theory
can also be obtained from the data of Harding,
Golding, and Morgan. For instance, their data
show an experimental value of the apparent
absorption coefficient of 16.9 ¢m~! (normalized
to a volume fraction of unity) for the same
conditions considered previously. In contrast,
the corresponding apparent absorption coeffi-
cient predicted by single-particle theory from
intrinsic absorption coefficient data is of the
order of 0.1 em~'. This large discrepancy is
undoubtedly due, in the main part, to the
aforementioned one-dimensional nature of the
radiative-transfer equation derivation. Addi-
tional work is needed to correlate this funda-
mental inconsistency before apparent absorp-
tion coefficients can be usefully predicted by
single-particle theory. Fortunately, in many
important systems the dominant mode of
attenuation is scattering. In such instances,
and when the scattering layer does not approach
infinite thickness (for example, a white coating),
reasonable reflectance predictions may still be
made from single-particle theory by completely
ignoring absorption.
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Fioure 8.—Analytical model for radiative transfer in
heterogeneous materials.
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The case of combined radiation and conduc-
tion heat transfer in ceramics has been formu-
lated one-dimensionally by using the same basic
model as that shown in figure 8. To the dif-
ferential equations expressing radiant flux is
added an emission term, and a third equation
is written expressing conservation of energy,
including thermal conduction. The solution
to the resulting system of differential equations,
when combined with the appropriate boundary
conditions, expresses emission from the non-
isothermal specimen and the internal tempera-
ture distribution. Hamaker (ref. 16) presents
the mathematical treatment in detail, and later
studies are reported by Folweiler (ref. 17).

SURFACE ROUGHNESS

Previous discussion has expressed quantita-
tive relationships for the reflectivity of plane
surfaces, and has recognized that surface
roughness can invalidate the use of these
equations. A means of specifying the influence
of surface roughness on surface reflectance is,
in some cases, of importance equal to or greater
than the importance of being able to specify
subsurface scattering characteristics. Unfor-
tunately, surface roughness has not been studied
to the degree that scattering has, although it is
the same basic phenomenon.

In the past, surface-roughness studies have
been concentrated in two basic optical regimes:
geometrical optics, and diffraction and inter-
ference. Work in the geometrical-optics regime
considers that roughness produces essentially a
blackbody cavity effect, with multiple reflec-
tions of rays resulting in an effective increase of
the surface emittance. The majority of the
applicable studies have been devoted to the
analytical, and in some cases experimental,
specification of emission from simple geometric
shapes of opaque materials. Typical of recent
rigorous cavity analyses is that of Sparrow and
Jonsson in reference 18. An example of the use
of a similar analysis to predict the emittance of
a surface is presented by Psarouthakis in
reference 19, where good correlation with experi-
mental results was obtained. The specifica-
tion of the emittance of a highly opaque
material of known elemental emissivity requires
a knowledge of the exact statistical geometry of
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the surface. The interpretation of this statis-
tical information is the fundamental problem
that has not been solved. Cox and Forcht
(ref. 20) have suggested an interpretation based
on 8 model on which a fraction of the surface is
smooth, and the remainder is composed of
randomly oriented cavities of some effective
diameter-to-depth ratio. Additional theoreti-
cal and experimental work is needed to estab-
lish a generalized means of relating measurable
surface-roughness quantities to some analytical
model.

It is notable that nearly all quantitative
analyses and experimental observations have
been restricted to materials that are opaque in
thin sections. Ceramics, however, are often
not opaque in sections ranging from a few
thousandths to a few hundredths of an inch;
and it is not uncommon to find surface irregu-
larities of comparable size in these materials.
Theoretical considerations noted in reference 20
indicate that the effect of surface roughness
decreases as opacity decreases. Existing meas-
urements, though meager, have also demon-
strated that surface effects are of a much
reduced magnitude in materials only moderately
opaque, and that the extent of the roughness
effect is closely related to the ratio of the size
of the irregularities to the thickness of the
material required for opacity. This peculiarity
promises numerous opportunities for practical
exploitation, especially in development of
ceramics and ceramic coatings with optimum
selective radiation properties. For instance,
with & coating that is translucent at certain
wavelengths but opaque at other wavelengths,
roughening the surface would increase emit-
tance in the opaque region but leave it rela-
tively unaffected in the translucent region.

A simple model can be used to illustrate that
a definite relationship exists between the de-
gree of opacity of the material and the effect of
surface roughness. To simplify the discussion
the term ‘‘mean free path of a photon” will be
employed and designated by the symbol I,.
The mean free path of a photon is defined as
the distance of penetration of radiation for an
attenuation of intensity to a value of 1/e of the
initial value. This represents an internal trans-
mission of about 37 percent for a layer of

thickness 7,. Numerically, /,, is the reciprocal
of the extinction coefficient of the material and
is thus directly related to its opacity. Con-
sider the model shown in figure 9. Radiation
leaving element dA; is composed of a primary
emitted part und a reflected part. The emitted
part depends on the internal irradiation of the
element and the surface transmittance of the
element (to be discussed later). The reflected
part includes radiation which is emitted by
other elements, such as dA4,, and makes its
way to ddA, either directly or by single or
multiple reflections from still other elements
such as d.A4,. This reflected fraction enhances
the emitted energy, and the effective emittance
of the cavity is, therefore, greater than that of
the material of which it is composed.

If 1, is very small (that is, if all internal
irradiation incident on the back face of any of
the elements of area originates from a depth
behind the element which is very much less
than the physical dimensions of the cavity) each
element will emit the same primary radiation.
This case corresponds to highly opaque ma-
terials such as metals. Now, if [, is large
compared to the cavity size, the situation is
altered for two reasons. First, the internal
irradiation of the surface elements on the cavity
walls in the above model is considerably altered.
For example, with regard to dA4,, the existence
of the surface constitutes the removal of a
sizeable portion of the volume that would
otherwise contribute to the internal irradiation
of dA4,. Thus, the energy transmitted through
dA, and emitted i1s correspondingly reduced,
thereby also reducing its component reflected
from dA,. Second, if the material is a scatter-
ing medium (that is, subsurface as well as
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Figure 9.—Cuavity effect in semitransparent material.
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surface reflections occur), the existence of the
surface also constitutes the removal of part
of the reflecting subsurface, which depletes the
total energy that makes its way to dA4; by way
of multiple reflections. Again, the total energy
ieaving dA, is reduced. Thus it can be seen
that for large values of /, compared with the
size of the cavity, the effective emittance gain
is significantly reduced.

Experimental observations appear to verify
this conclusion regarding the relationship be-
tween /,, and the cavity effect. As reported by
Cox (ref. 21), measurements on polyerystalline
zirconia (a scattering material) in the visible
have shown that the effect of surface roughness
on reflectance is negligible over the roughness
range 100 to 400 microinches rms. The mean
free path of a photon in this material at these
wavelengths is about 0.035 inch, which is about
40 times the measured cavity depth. Data by
J. D. Plunkett (now with Denver Research
Institute) on polycrystalline alumina have
shown similar results. At surface roughnesses
ranging from 10 to 200 microinches, he detected
no effect of roughness on emittance, while
inclusion of voids about 0.033 inch in diameter
produced a measurable increase in emittance.
As the mean free path of a photon in poly-
crystalline alumina should be comparable to
that in zirconia, it is indicated that a cavity size
of the order of magnitude of the mean free path
is necessary to produce a significant change in
emittance or reflectance.

It is evident, upon examination of previous
cavity-analysis problems, and from considera-
tion of the radiative-transfer equations (partic-
ularly for homogeneous materials) that quanti-
tative analyses can be conducted to establish a
definite theoretical correlation between material
opacity and surface roughness effects. Such
work has not been accomplished, but will be
necessary to allow a correct characterization
of surface-roughness effects in ceramies.

Contributions to an understanding of the
effects of surface roughness on reflectance for
small irregularities have been made by investi-
gators of related wave phenomena, such as the
reflection of radar. Davies (ref. 22) obtained a
solution for the effect of roughness on the
reflection of radar from sea waves by assuming

a perfect conductor, thus eliminating penetra-
tion of the electromagnetic wave and reducing
the problem to one of diffraction. He employed
a statistical specification of height and slope of
the irregularities and assumed their geometry
to be such that no shadowing occurred. Bennett
and Porteus (ref. 23) applied Davies’ results to
nonperfectly conducting materials in the optical
spectrum by assigning a direct proportionality
between his results and the reflectance of
rough surfaces having less than unit reflectivity
(a smooth perfect conductor has a reflectivity
of 1). Excellent correlation with this theory
was obtained from tests on roughened metallic
surfaces.” Bennett and Porteus found that for
irregularity heights considerably smaller than
the wavelength of incident radiation, the
specular reflectance change at normal incidence
due to roughness could be correlated with
only the rms roughness value. For larger
irregularities, the second statistical {unction
expressing the slope of the irregularities was
found to be needed. The magnitude of the
roughness effect for very small irregularities
was surprising—they reported that a rms
roughness of 0.01 wavelength causes an error
in specular-reflectance measurement of greater
than 1 percent. The work of Twersky on the
nonspecular reflection of electromagnetic waves
is pertinent to surface-roughness studies.
His results with randomly located hemispherical
and semicylindrical bosses of perfectly con-
ducting material (ref. 24), especially some pre-
dicted variations of the reflectance of polarized
and unpolarized radiation with angle, are of
interest. One interesting conclusion was that
the reflected radiation in the region of the
specular angle is an extreme that under certain
circumstances is a minimum instead of a
maximum,

In summary, previous work in analytical
specification of surface-roughness effects has
gained success only in the opposing extremes
of geometrical optics and diffraction. In these
extremes, the limiting cases of materials opaque
in thin sections have been successfully studied
for a few specialized cases. Since tools for
interpreting the influence of surface roughness

3 See also Paper 13.
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on the thermal-radiative performance of the
material are not generally developed, additional
work is needed. The effect of roughness
between the regimes of diffraction and of geo-
metrical opties (that is, intermediate sizes
of irregularities compared to wavelength) needs
considerable investigation, and the influence
of the degree of opacity on roughness effects is
in severe need of exploration. In short, the
problem needs to be studied as vigorously as
particle scattering has been studied. In the
interim, thermal-radiation property measure-
ments should be accompanied by charac-
terization of the specimen with all information
now known to be important: complete statistical
information defining the surface geumetry
(not just rms roughness), and the absorbing,
scattering, and refractive preperties of the
material.

CONCLUDING REMARKS

In discussing the factors affecting thermal-
radiative properties of ceramics, a number of
areas in which adequate knowledge is lacking
have been noted. On the other hand, a great
deal is presently known, and an objective of
this paper has been to distinguish between these
areas of knowns and unknowns. In doing this
it is believed that some of the interpretation
provided will allow a better use of existing
knowledge.

One area where existing knowledge can be
better utilized is the application of single-
particle scattering theory. Since a fair wealth
of published solutions to single-particle scatter-
ing theory exists, it should be possible to utilize
this information to obtain good predictions of
the light-scattering performance of ceramics
with moderate to low concentrations of scatter-
ing centers. It should then be possible to
tailor the performance of these materials for
unique applications. Additional research is
needed to correlate scattering coefficients pre-
dicted by single-particle theory with experi-
mental values for high concentrations of scatter-
ing centers. Also, work is needed to further
correlate scattering and apparent absorption
coefficient values predicted by single-particle
theory with values applicable to the one-
dimensional radiative-transfer equations.

An encouraging conclusion is that the
thermal-radintive performance of homogeneous
ceramics can be accurately specified if their
optical constants are known and if they are
smooth-surfaced. However, since many ce-
ramic applications do not involve smooth-
surfaced materials, the influence of surface
roughness becomes of major importance. The
area of surface-roughness effects represents one
of the major gaps in our knowledge of thermal
radiation in both homogeneous and hetero-
geneous ceramies. Of special importance to
ceramics is the influence of opacity on surface-
roughness effects, but very little definitive in-
formation has been obtained here. Research
in the aren of surface roughness is presently the
subject of studies in several laboratories, but
additional work is needed. Until means of
specifying surface-roughness effects are better
developed, the factors known to be of impor-
tance in surfuce characterization must be care-
fully defined for all new data generated.

REFERENCES

1. JENKINs, Francis A., and Wuite, Harvey E.:
Fundame:tals of Optics. MeGraw-Hill Book
Co., Inc. 1957.

2. Sivmow, 1., and McMason, H. O.: Study of the
Structure of Quartz, Cristobalite, and Vitreous
Silica by Reflection in Infrared. Jour. Chem.
Phys., vol. 21, no. 1, Jan. 1953, pp. 23-30.

3. Garpoon, RoserT: The Emissivity of Transparent
Materials. Jour. American Ceramic Soc., vol.
39, no. 8, Aug. 1956, pp. 278-287.

4. Brav, Hesry H. Jr.: Measurement of Flux,
Emittance, and Related Properties. Proceedings
of an Intcrnational Symposium on High Tem-
perature Technology. McGraw-Hill Book Co.,
Inc., c. 1960, pp. 45-53.

5. Garpown, Rosert: Calculation of Temperature
Distributions in Glass Plates Undergoing Heat-
Treatment. Jour. American Ceramic Soc.,
vol. 41, no. 6, June 1958, pp. 200-209.

6. Van pe Huwst, H. C.: Light Scattering by Small
Particles. John Wiley & Sons, Inc., 1957.

7. Bruenrman, R. J., THoMas, L. W., and GoNICE,
E.: Effect of Particle Sizc and Pigment Volume
Concentration on Hiding Power of Titanium
Dijoxide. Official Digest—Federation Societies
Paint Tech., Feb. 1961, pp. 252-267.

8. Brevin, W. R, and Brown, W. J.: Effect of
Particie Separation on the Reflectance of Semi-
Infinite Diffusers. Jour. Optical Soc. of America,
vol. 51, no. 2, Feb. 1961, pp. 129-134.



10.

11.

12.

13.

14.

15.

16.

FUNDAMENTALS OF THERMAL RADIATION IN CERAMIC MATERIALS

. Leg, D. W, and Kincery, W. D.: Radiation

Energy Transfer and Thermal Conductivity of
Ceramic Oxides. Jour. American Ceramic Soc.,
vol. 43, no. 11, Nov. 1960, pp. 594-607.

Berry, C. R.: Turbidity of Monodisperse Suspen-
sions of Ag.Br. Jour. Optical Soe. of America,
vol. 52, no. &, Aug. 1962, pp. 888-895.

MeLameDp, N. T.: Optical Properties of Powders.
Part 1. Optical Absorption Coefficients and
the Absolute Value of the Diffuse Reflectance.
Part II. Properties of Luminescent Powders.
Jour. Appl. Phys., vol. 34, no. 3, Mar. 1963,
pp. 560-570.

Ricamonp, J. C.: Relation of Emittance to
Other Optical Properties. Paper 67C3-132,
Jour. Res. Nat. Bur. Standards—Sec. C, Eng.
and Instrumentation, vol. 67C, no. 3, July-Sept.
1963, pp. 217-226.

KuBELKA, PavL: New Contributions to the Optics
of Intensely Light-Scattering Materials. Part [.
Jour. Optical Soc. of America, vol. 38, no. 5,
May 1948, pp. 448-457.

KorrLERr, FriepricH: Turbid Media With Plane-
Parellel Surfaces. Jour. Optical Soc. of America,
vol. 50, no. 5, May 1960, pp. 483-490.

Harping, R. H., Goruping, B., and MoRraan,
R. A.: Optics of Light-Scattering Films. Study
of Effects of Pigment Size and Concentration.
Jour. Optical Soc. of America, vol. 50, no. 5,
May 1960, pp. 446-455.

HaMmaxker, H. C.: Radiation and Heat Conduction
in Light-Scattering Material.  Philips Res.
Rep., vol. 2, 1947, pp. 55-67, 103-125, 420-425.

17.

18.

19.

20.

21.

22.

23.

24,

101

ForweiLer, R. C.: Thermal Radiation Character-
istics of Transparent, Semi-Transparent, and
Translucent Materials Under Non-Isothermal
Conditions ASD-TDR-62-719, U.S. Air Force,
Aug. 1962.

Searrow, E. M., and Jonsson, V. K.: Radiant
Emission Characteristics of Diffuse Conical
Cavities. Jour. Optical Soc. of America, vol. 53,
no. 7, July 1963, pp. 816-821.

PsarouTHakIs, JouN: Apparent Thermal Emis-
sivity From Surfaces With Multiple V-Shaped
Grooves. AIAA Jour, vol. 1, no. 8, Aug. 1963,
pp. 1879-1882.

Cox, R. L., and Forcut, B. A.: Emittance of
Translucent Materials. Rep. No. 00.19, Chance
Vought Corp., Dec. 5, 1961.

Cox, R. L.: A Technique for Measuring Thermal
Radiation Properties of Translucent Materials
at High Temperature. Measurement of Thermal
Radiation Properties of Solids, Joseph C.
Richmond, ed. NASA SP-31, 1963, pp. 469-481.

Davies, H.: The Reflection of Electromagnetic
Waves From a Rough Surface. Proe. Inst.
Elec. Eng., vol. 101, 1954, pp. 209-214.

BenNeErT, H. E., and Portevus, J. O.: Relatior
Between Surface Roughness and Specular Re-
flectance at Normal Incidence. Jour. Optical
Soc. of America, vol. 51, no. 2, Feb. 1961,
pp- 123-129.

Twersky, VicTor: On the Nonspecular Reflection

of Electromagnetic Waves. Jour. Appl. Phys,,
vol. 22, no. b, June 1951, pp. 825-835.






9. Radiant Emission, Absorption, and Transmission
Characteristics of Cavities and Passages
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A systematic study is made of the emission and absorption of thermal radiation by
cavities and of the transport of thermal radiation through passages. The conditions under
which eavity absorption characteristics can be inferred from cavity emission characteristics
(and vice versa) are derived. In particular, it is shown that this reciprocity is valid when
the radiation entering the cavity is diffusely distributed across the cavity opening. Available
information on cavity-emission and -absorption characteristics is brought together, com-
pared, and generalized. It is demonstrated, for example, that the absorption-emission
characteristics of cylindrical-hole cavities and rectangular-groove cavities are essentially
identical. Specularly reflecting cavities are found to be more efficient emitters of radiant
energy than are diffusely reflecting cavities; this statement also applies to the absorption
of diffusely distributed incoming radiation. The transport of thermal radiation through
passages which connect isothermal environments is analyzed for both specularly reflecting
and diffusely reflecting passage walls. Results are presented for the radiant transport
through tapered tubes and tapered (plane-wall) gaps. In general, a passage with specularly
reflecting walls is a more efficient transmitter of thermal radiation than is a passage with

diffusely reflecting walls.

When thermal radiation is incident upon any
nonblack concave surface, the ensuing reflec-
tions and re-reflections provide additional
opportunities for energy absorption. Conse-
quently, when radiation from an external
source enters a cavity, the energy absorbed
within the cavity will exceed that which would
be absorbed by a plane area of identical ab-
sorptance stretched tightly over the cavity
opening. This characteristic is often called
the cavity effect. For similar reasons, the
radiant energy streaming out of a heated
cavity will exceed that emitted by a plane
area of identical temperature and emittance
stretched across the opening of the cavity.

In general, the magnitude of the cavity effect
depends on the detailed geometrical configura-
tion of the cavity and on the radiation proper-
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ties of its surfaces. Additionally, for the case
of the cavity absorber, the extent of the cavity
effect also depends on the directional distribu-
tion of the incoming radiant energy.

In solving for the emission properties of
cavities, it is usual to assume that the surfaces
of the cavity are isothermal and also to neglect
radiant energy entering the cavity opening
from an external source. On the other hand,
in determining the absorption characteristics,
it is customary to restrict consideration to the
radiant energy which enters the cavity opening
from an external source; the energy emitted by
the cavity walls is not included, that is, the
walls may be regarded as being at absolute
zero. The emission and absorption properties
of cavities are generally represented in terms of
an apparent emittance e, and an apparent
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absorptance «, which are defined as

rate of radiant efflux from a cavity

€,

__rate of absorption of radiant energy in cavity

“rate of efflux from a black-walled cavity (1)

Qg=—

The respective departures of ¢, and a, from the
actual surface emittance e and actual surface
absorptance a give the magnitude of the cavity
effect.

The present paper aims at establishing cer-
tain general characteristics of cavities and
then proceeds to bring together, compare,
and generalize available quantitative informa-
tion on cavity absorption and emission. By
setting forth and applying a reciprocity theo-
rem, it will be demonstrated that under certain
conditions the absorption properties of cavities
can be inferred from emission properties and
vice versa. As a consequence of the reciprocity
theorem, results initially derived for emission
can be used for absorption and vice versa.
Most of the available information relates to
cavities whose surfaces emit and reflect dif-
fusely. However, there are some results which
pertain to cavities with specularly reflecting
surfaces. Comparison of specularly and dif-
fusely reflecting cavities will be made whenever
possible.

Closely related to the emission and absorp-
tion properties of cavities is the transmission of
radiant energy through passages. The radiant
interchange problem for the transmitting pass-
age will be formulated in a general manner for
surfaces which are either diffusely or specularly
reflecting. The available results for the trans-
mission problem are brought together and
discussed.

RECIPROCITY THEOREM FOR
CAVITIES

It is of practical interest to determine the
relationship between the emission and absorp-
tion characteristics of cavities. To this end,
consideration is given to a cavity of arbitrary
shape such as is pictured in figure 1. At the
left is depicted the typical cavity-emission prob-

rate of incoming radiant energy

2

lem in which the cavity walls are isothermal at
temperature 7 and no external radiation enters
through the opening. Suppose that the rate
of energy cfflux from the cavity under these con-
ditions is .

Next, consider this same cavity but with
walls at absolute zero (center sketch of fig. 1).
The cavity opening is closed by a black surface

at temperanture T which radiates into the
cavity.
When these two physical situations are

superposed, there is obtained an isothermal
enclosure us shown on the right of figure 1. It
is well known that there is no net heat transfer
st any surface of an isothermal enclosure re-
gardless of the radiation properties of the sur-
face. In particular, the heat transfer through
the cavity opening is zero when the physical
situations depicted in the left and center
sketches are superposed.

If there is a heat transfer @ ouf of the cavity
for the situation shown in the left-hand sketch,
it follows that there must be an identical heat
transfer /nto the cavity for the situation shown
in the center sketch. Thus, the cavity with
walls at absolute zero absorbs heat at the rate
Q from the radiation emitted by the black sur-
face at temperature 7T stretched across the

{BLACK SURFACE

TEMP:=T
+ =
<
’/
TEMP:=T TEMP:=0 JISOTHERMAL
ENCLOSURE

FIGURE |.—— Diagram illustraling superposition of cavity-
emission and cavity-absorption problems.
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cavity opening. Moreover, the radiation from
such & black surface is fully equivalent to the
radiation coming from an external source that
is uniformly and diffusely distributed as it
passes through the opening of the cavity.
Consequently, the center sketch of figure 1 rep-
resents the cavity-absorption problem for the
case of diffuse incoming radiation.

If the area of the cavity opening is A,, it is
readily found from equations (1) and (2) that
the apparent emittance and apparent absorp-
tance, respectively, corresponding to the left
and center sketches of figure 1 are: ¢,=Q/A4,0cT*
and a,=@Q/A,0T* From this, there follows the
basic result that

a=¢ 3)

provided that the incoming radiation is dif-
fusely distributed. This conclusion is valid for
any cavity configuration.

The foregoing derivation is valid provided
that the radiation properties of the cavity walls
remain unchanged during the superposition.
Inasmuch as a=e for the isothermal cavity,
this same gray body condition must also be
fulfilled by the other cavities participating in
the superposition. Thus, the relationship a,=
¢, is restricted to gray cavities.

Another requirement for the equality of a,
and ¢, for cavities of arbitrary configuration is
that the incoming radiation is diffusely dis-
tributed. However, as will be demonstrated
later, the equality continues to be valid for the
spherical cavity regardless of the directional
distribution of the incoming radiation. The
author is unaware of other configurations in
which the requirement of diffuse incoming
radiation can be relaxed without voiding the
equality of a, and e,.

The discussion of the prior paragraphs has
been concerned with total radiation, that is,
radiation extending over all wavelengths.
A similar derivation can be carried out for
monochromatic radiation. The end result of
such a derivation is that ay,=e\q, provided that
the incoming radiation is diffusely distributed
and that ey=e¢. In accordance with Kirchhoff's
law, this latter requirement is generally satisfied
by all surfaces.

ANALYSIS OF CAVITY EMITTERS AND
ABSORBERS''

Diffusely Emitting and Reflecting Surfaces

If the surfuces of the cavity are diffuse
emitters and diffuse reflectors of radiant energy,
then the determination of the emission or the
absorption properties of the ecavity involves
the solution of a linear integral equation. If
the location of an area element dA(z) on the
cavity wall is specified by the coordinate z,
then for the conditions of the cavity-emission
problem, a radiant flux balance at a typical
location r=z, yields (for instance, see refs. 1
and 2)

B(z)=ccT*+p f B@) dFauip-sney  (4)

wherein the integral is extended over all portions
of the cavity wall. The symbol B denotes the
radiosity, which is the radiant flux leaving a
surface element per unit time and area. In
general, the radiosity is equal to the sum of the
emitted radiant energy (first term on the right
of eq. (4)) and the reflected portion of the
incident radiation (last term on the right).
The surface emittance and reflectance are
respectively represented by e and p, while
dFdszp-aar is the angle factor for diffuse

radiant interchange between area elements
dA(x,) and dA(z). For the condition of gray
surfaces, which has generally been adopted in
cavity analysis, the radiation properties «a, ¢,
and p are related by a=e=1—p.

The net heat flux ¢, at a surface location per
unit time and area is the difference between
the leaving radiant flux B and the incident
radiant flux. The latter quantity is represented
by the integral appearing on the right-hand
side of equation (4). Upon rewriting equation
(4), it follows that the incident radiant flux is
given by (B—esT*)/p. Upon subtracting this
quantity from B, there is obtained

g =[eaT‘—(1-—-p)B] (50)

¢ p
and, for gray surfaces,

1 See also Papers 10, 45, and 48.
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_[e(eT*—B)]

in which the subscript e is affixed to denote the
cavity-emission problem. In turn, the rate @,
at which radiant energy streams from the cavity
can be determined by integrating the local heat
flux, that is,

0= [a.daw@ (68)
Finally, the apparent emittance ¢, follows as
__ 9
ea_A.OUT4 (6b)

wherein A, is the area of the cavity opening.

For the cavity-absorption problem cor-
responding to a diffusely reflecting cavity with
walls at absolute zero, the governing integral
equation takes the form

Ble)=[ 1)+ [ Be) aPucp-aamr | D

The symbol I represents the distribution along
the cavity walls of the radiation which arrives
directly from the external source. The rate g,
at which radiant energy is locally absorbed at
the cavity walls per unit time and area is derived
in a manner analogous to the derivation of
equation (5a). Theend result of the derivation is

w=] 52 | B (8)

The overall rate @, at which radiant energy
is absorbed in the cavity as a whole can then
be found by integration

Qo= [ au 442 (9)
The apparent absorptance «, is then
a2 (9b)

where E is the rate at which radiant energy
enters the cavity.

If the incoming radiation is uniforinly and
diffusely distributed across the cavity opening,

then
, E
J\J»,)S(E) Fea, (10)

where Fyi-,-4, 1s the angle factor for diffuse

interchange between the areas dA(z,) and A,.
For this /(»,) distribution, it can be shown that
the results for g,./(E/A,) which follow from the
solution of equation (7) are identical to the
results for ¢./¢ T* which follow from the solution
of equation (1), provided that a=e Thus,
the apparent emittance ¢, and the apparent
absorptance «, are equal, in accordance with
the reciprocity theorem. Hence, for the case
of diffusely distributed incoming radiation,
there is no need for separate solution of equa-
tions (4) and (7). However, for an incident
energy distribution 7(z,) different from that
given by equation (10), the cavity-absorptance
problem is, in general, different from the cavity-
emission problem and separate solutions must
be carried out for each.

Tt is of interest to discuss briefly the available
solution methods for integral equations of the
type (4) and (7). So far as the author knows,
there are only two cavity configurations which
permit exuet closed-form solutions of these
equations: the spherical shell (ref. 3) and the
long circular eylinder whose opening is a
longitudinal slit (ref. 4). For other cavity
configurations, solutions may be found either
by numerical techniques or by approximate
analytical procedures.

Among the numerical methods, perhaps the
most straightforward is to recast the governing
integral equation in finite difference form. In
this way, the mathematical problem is reduced
to the solution of a set of linear algebraic
equations. In particular, if the integral is
approximuted according to the trapezoid rule,
then the resulting finite-difference equations
are identical to those derived by applying
Hottel’s method (ref. 5) or the radiosity method
(for example, ref. 1) to an enclosure with finite
surfaces. Recently, Perlmutter and Siegel
(refs. 6 to 8) have employed a Simpson’s rule
representation of the integral with a view to
achieving greater accuracy. Higher order ap-
proximations may also be used without destroy-
ing the linearity of the resulting algebraic
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equations. The algebraic system thus derived
may be solved by standard computer routines.

An alternate numerical technique is that of
successive iterations (for instance, ref. 2). In
this procedure, one begins by guessing the distri-
bution of the radiosity B(z). With this, the
integrals appearing on the right-hand side of
equations (4) or (7) can be carried out nu-
merically for a particular value 2 of z,, and a new
value of B at z; is thus obtained. By repeat-
ing this operation at all mesh points x, there
is generated a new distribution function for B
which is used in the next cycle of the iteration.
The procedure is continued until convergence
is achieved.

Three approximate analytical methods which
have been used successfully in radiant inter-
change calculations are: (1) Taylor series ex-
pansion, (2) approximation of the angle factor,
and (3) variational technique. Tn the first of
these (ref. 8), the radiosity B(x) is expanded
in a Taylor series about z=uz,:

B@)=B)+e—2) (),

2
+0.5(x—z,)? (%—g)z_—i- ...y

The substitution of this into the integral term
of (4) or (7) reduces the integral equation to a
differential equation. The solution of the
resulting differential equation, although still
requiring numerical techniques, may be easier
than that of the original integral equation.

In connection with the second method, it
may be noted that the angle factor appearing
in equations (4) and (7) may be represented as

dFdA(Ii)_dA(I)zK(x’ I;) dr (12)

The function K(x,z;) is the kernel of the
integral equation. The basic idea of the
method is to approximate the actual kernel
with another function which leads to the follow-
ing property: namely, that if the integral equa-
tion is differentiated n times, the integral term
of the original integral equation reappears.

? The angle factor dFga(z)-a4(» generally depends on
both z; and z.

Thus, the integral term can be eliminated be-
tween the integral equation and its n' deriva-
tive, and this leads to an n® order differential
equation. The method has been used success-
fully for situations where the kernel is sym-
metric, that is, K(z, y)=K(y, z); these include
the eylindrical tube (refs. 6 to 10) and the rec-
tangular-groove cavity (ref. 11). As a recent
innovation, a correction procedure has been
devised (ref. 8) to improve the accuracy of the
solutions.

According to the variational method (refs.
8, 10 and 12), consideration is shifted from the
integral equation to a corresponding variational
expression 7 (eq. (13) of ref. 12), the basic
idea being to find a particular function B which
makes I an extremum. The Rayleigh-Ritz pro-
cedure provides a systematic way for seeking the
extremum condition.

The foregoing summary indicates that a
wide range of methods is available for solving
the radiant interchange problem for diffusely
emitting and reflecting cavities.

Specularly Reflecting Surfaces

For the conditions of the cavity-emission
and eavity-absorption problems (that is, pre-
scribed wall temperature), the heat-transfer
characteristics of a cavity with specularly
reflecting walls can be calculated without
recourse to an integral equation. The essential
computational feature for the case of specularly
reflecting surfaces is the accounting of rays as
they reflect and re-reflect within the cavity.
In general, the accounting of the rays can be
an arduous task for cavities of arbitrary shape,
and this may be one reason there is less in-
formation available for specularly reflecting
cavities than for diffusely reflecting cavities.

There are. however, some situations in which
the specular case can be treated without
difficulty. When the surfaces of the cavity
are plane, the computation can be simplified
by making use of a basic property of plane
mirrors: namely, that the radiant energy (or
light) reflected from a plane mirror appears
to come from an imaze located behind the
mirror. The distance between the image and
the mirror is identical to the distance between
the object and the mirror. In particular, if
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the radiant energy under consideration comes
from a diffusely distributed source (that is,
diffusely emitting surfaces or diffuse incoming
radiation), the above-mentioned images lend
themselves to a surprisingly simple computa-
tional method (refs. 13 and 14). As demon-
strated in these references, the interchange due
to specular reflection is computed by applying
the angle factors for diffuse interchange between
the actual surfaces of the cavity and the image
surfaces. The image method has been em-
ployed in evaluating the absorption and emission
characteristics of rectangular-groove cavities
(ref. 11) and V-groove eavities (ref. 15).

The computation of the interchange be-
tween specularly reflecting non-planar surfaces
appears to be a much more formidable under-
taking than the corresponding computation
for plane surfaces. De Vos (ref. 16) has
proposed a method which is purported to apply
for any directional distribution. However,
De Vos’ results for the diffuse cavity are them-
selves in error and this lends uncertainty to
the proposed method. The specularly re-
flecting, diffusely emitting circular-hole cavity
has been treated by Krishnan (refs. 17 to 19),
but without numerical results.

EMISSION AND ABSORPTION RESULTS
FOR CAVITIES

Diffusely Emitting and Reflecting Walls;
Diffuse Incoming Radiation

The emission characteristics and the corre-
sponding absorption characteristies for diffusely
distributed incoming radiation have been com-
puted for a variety of cavity configurations
with gray diffuse walls. For the aforemen-
tioned conditions, e,=a, These results were
obtained by solving appropriate integral equa-
tions of the type (4) or (7). The cavities for
which results are available include the eylin-
drical hole (ref. 2), the rectangular groove
(ref. 11), the conical hole (ref. 20), the V-groove
(ref. 15), and the spherical shell (ref. 3).

The calculated values of ¢, a, for the cylin-
drical-hole and the rectangular-groove cavities
have been brought together in figure 2. The
former is a cylinder of depth L and radius r,
open at one end and closed at the other. The
latter is a groove of rectangular profile, with

depth L and width hk, whose extension in
the direction normal to the plane of the paper
is very great. In figure 2, ¢, o, is plotted
against L/r for the eylindrical hole and against
Lik for the rectungular groove. Inspection of
the figure reveals that when plotted in this
way, the values of ¢, a, are essentially the
samne for the cylindrical cavity as for the
rectangular groove. Thus, & appears to be
an appropriate “hydraulic radius,” just as it
is in fluid mechanics for a parallel-plate chan-
nel. The departure of ¢, from ¢ (and «, from
a) provides a measure of the cavity effect.
Tt may be seen from figure 2 that the cavity
effect is most pronounced for surfaces of rela-
tively low emittance. Additionally, the cavity
effect is accentuated in configurations of
greater depth; however, ¢, approaches a limit-
ing value (less than unity) as the depth in-
creases. It is interesting to note how quickly
¢, approaches its limiting value. For instance,
for e=0.9, there is little change beyond L/ or
L/r=2; a corresponding statement applies for
the e=0.5 results when L/h or L/r exceeds 5.

The ¢,. «, results for the conical cavity
and the V-groove cavity are plotted togetherin
figure 3 as a function of the opening angle §.
The results for these two cavities are also seen
to be esscntinlly the same. The cavity effect
is most evident for surfaces of low emittance,
and this is accentuated at small opening angles,
that is, closed-in cavities. The limiting values
at 6=0° for the cone and the V-groove corre-
spond respectively to those of the cylindrical-
hole and the rectangular-groove cavities of
infinite depth.
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Ficure 2. -Radiation properties of diffusely emuilling
and reflecting cylindrical-hole and rectangular-groove
cavities; «, corresponds to diffuse incoming radiation.
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FicUre 3.—Radiation properties of diffusely emitting
and reflecting V-groove and conical cavities; a, corre-
sponds to diffuse incoming radiation.

Results for the spherical cavity are presented
in figure 4. Figure 4 also includes a small
sketch which defines the opening angle ¢*.
The trends evidenced by the figure are essen-
tially the same as those seen in the previous
figures. However, the value of a, applies for
any arbitrary spatial distribution of the radia-
tion entering the spherical cavity. Additionally,
the following closed-form expressions are avail-
able from reference 3.

€

““=1—0.5(1—a)(1+cos ¢

(13a)

o

%= [120.5(1—a) (1 +cos ¢9)]

(13b)

Diffusely Emitting and Specularly Reflect-
ing Walls; Diffuse Incoming Radiation

There is less information available for cavities
with specularly reflecting walls than for cavities
with diffusely reflecting walls. The emission
characteristics and the corresponding absorp-
tion characteristics for diffusely distributed
incoming radiation have been computed for
rectangular-groove and V-groove cavities
baving specularly reflecting, diffusely emit-
ting, gray walls. The cavity reciprocity
theorem is applicable for these conditions, so
that e,=a, The computations were carried
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Ficure 4.—Radiation properties of diffusely emitting
and reflecting spherical cavities.

out by applying the previously described image
method.

The results for the specularly reflecting,
diffusely emitting rectangular-groove cavity are
presented in figure 5, where they are compared
with corresponding results for a diffusely re-
flecting and emitting cavity. The abscissa is
the cavity depth-to-width ratio, L/h. In-
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Ficure 5.—Comparison of specularly reflecling and
diffusely reflecting rectangular-groove cavities.
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spection of the figure reveals that for the specu-
larly reflecting cavity (dashed lines), ¢ and
@, increase monotonically with increasing cavity
depth, and ultimately approach unity for suf-
ficiently deep cavities. Thus, a specularly
reflecting cavity of sufficient depth can serve
as a black-body emitter or absorber. The
black-body condition is achieved for relatively
small values of L/h when ¢ and o are large;
however, for small values of ¢ and «, rather
deep cavities are needed to achieve essentially
black-body conditions.

This behavior of specularly reflecting cavities
is to be contrasted with that of diffusely reflect-
ing cavities (solid lines). For the latter, the
€, ag Tesults approach a limiting value less than
unity for very deep cavities. In general, a
specularly reflecting cavity absorbs and emits
more effectively than does a diffusely reflecting
cavity having the same values of ¢ or «. The
superior performance of the specular cavity is
most strongly in evidence for deep cavities and
for low surface emittance or absorptance. For
instance, for a cavity with L/h=10 and ¢=0.5,
the values of ¢, (or a,) are 0.963 and 0.850,
respectively, for the specular and diffuse con-
ditions.

Results for the specularly reflecting V-groove
cavity are plotted in figure 6 along with corre-
sponding curves for the diffusely reflecting
cavity. It may be seen from figure 6 that the
€s, a, values for the specular cavity increase
monotonically as the opening angle § decreases
and approach unity as the angle approaches
zero. On the other hand, for the diffuse
cavity, the limiting values of ¢, a, for vanishing
9 lie below unity. The specularly reflecting
cavity is once again seen to be a more effective
emitter and absorber than the diffusely re-
flecting cavity. This is especially true for
cavities having small opening angles 6 and walls
with low emittance.

Although results are unavailable for cavity
configurations other than those just discussed,
it is expected that specularly reflecting walls
would generally enhance the emitting and ab-
sorbing characteristics of the cavity. It would
thus appear that the diffusely reflecting cavity
provides a lower limit on the values of ¢
and a,.

Absorption of Parallel-Ray Bundles in
Cavities

For situations in which the radiant energy
entering the cavity is not diffusely distributed
across the cavity opening, it appears that the
absorption characteristics of the cavity cannot
be inferred from the emission characteristics;
rather, they must be calculated independently.
One nondiffuse distribution which has been
studied in some detail is the case in which the
radiation enters the cavity as a bundle of
parallel rays. For this condition, values of the
apparent absorptance have been calculated for
the V-groove cavity (ref. 15), the rectangular
groove (ref. 11), the long circular cylinder whose
opening is a longitudinal slit (ref. 4), and the
spherical shell (ref. 3). In the calculations
which were made for the first three of these,
consideration was given to both specularly
and diffusely reflecting cavity walls. For the
spherical shell, only diffuse walls were con-
sidered (see eq. (13b)).

In suminarizing the apparent-absorptance
results of references 4, 11, and 15, a blanket
statement cannot be made about the relative
effectiveness of specularly reflecting walls versus
diffusely reflocting walls.  For certain  angles
of inclination of the incoming ray bundle,
the diffusc-surface cavity was found to absorb
more effcetively  than  the  specular-surface
cavity. The opposite was true at other angles
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Ficure 6.--Comparison of specularly reflecting and
diffusely reflecting V-groove cavities.
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of incidence. The pivotal factor is the number
of surface contacts experienced by the specularly
reflecting ray bundle before it reemerges from
the cavity. The detailed results for the afore-
mentioned configurations require several figures
for their presentation and are not included
because of space limitations. Interested readers
are referred to the original papers.

TRANSMISSION CHARACTERISTICS
OF PASSAGES

The transport of thermal radiation through
passages which connect isothermal environments
is a problem closely related to the absorption
and emission of radiant energy by cavities.
The physical situation is illustrated in the
sketches in figures 7 and 8, which relate to
transmission through a tapered (plane-walled)
gap and a tapered tube, respectively. The
isothermal environments at each end of the
passage are represented by temperatures T
and 7, These environments are taken to be
black-body radiators at their respective tem-
peratures.

At the walls of the passage, various thermal
boundary conditions may be prescribed. The
situation in which the wall is locally adiabatic
may be of considerable practical interest, and
it is this case which is treated here. For the
adiabatic-wall condition, the temperature of
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Fieure 7.—Transport of radiant energy through dif-
Sfusely emitting and reflecting plane-walled gaps.
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Ficgure 8.—Transport of radiant energy through dif-
fusely emitting and reflecting tapered tubes.

the passage wall varies along the length in a
manner which is not known a priori. The
fact that the wall temperature is unknown
requires that the radiant interchange process
within the passage be described by integral
equations, both for diffusely and for specularly
reflecting walls.

The Analysis of Radiant Transport Through
Passages

DIFFUSELY EMITTING AND REFLECTING
SURFACES

If the walls of the passage are gray, diffuse
emitters and reflectors, the local heat flux is
related to the local temperature and radiosity
as indicated in equation (5b). For the adia-
batic condition (¢=0), it follows that B=oT"
at each surface location. In turn, the local
radiosity B is equal to the sum of the
emitted radiation plus the reflected portion of the
incident radiation. From this, one can readily
derive an integral equation which governs the
distribution of the temperature as a function
of position along the wall of the passage.

THa)—T*=(T*—Ty") Faa @)—4y

L
+f [T4(x)_T24]dFdA(z,)—dA(t) (14)
0



112 FUNDAMENTALS

The coordinates which appear in this equation
are those indicated in the sketches in figures
7 and 8. The angle factor dFya(r)-a, relates
to diffuse interchange between dA(z;) and
the area A, at the opening of the passage;
the angle factor dFga:p—aain Telates to diffuse
interchange between the areas d A(x,) and d A(x).

The net rate of energy throughflow @
from the environment 1 to the environment 2
may be computed as the difference between the
radiant energy streaming into and out of the
passage opening at 1. For passages with
diffusely emitting and reflecting walls, the
expression for @ is

16(T, T (A)
f{T“(z)—Tz }Fd“)  dA@)  (15)

Thus, the transport of radiant energy through
the passage is found by solving equation
(14) for the distribution of [ T# (@) — T2*/[ Ty — T4
and then integrating this distribution 1in
accordance with equation (15). The solution
of equation (14) can be carried out by em-
ploying any one of the several numerical or
approximate analytical methods which were
discussed in connection with diffusely emitting
and reflecting cavities. Inspection of equa-
tions (14) and (15) reveals that the radiation
properties of the passage wall do not appear.
Therefore, the radiation transmitted through
an adiabatic-walled, gray, diffuse passage is
independent of the magnitude of the surface
emittance and absorptance.

DIFFUSELY EMITTING, SPECULARLY
REFLECTING SURFACES

An integral equation for the radiant inter-
change in passages having specularly reflecting,
diffusely emitting surfaces can also be derived.
The pivotal point in the analysis is the fact
that all the radiant energy involved in the
interchange process originates from diffuse
sources: either from the isothermal environ-
ments or from the cavity wall. Consequently,
the essential role of the specular reflections
is to modify the pattern of diffuse interchange.

Indeed, Perlmutter and Siegel (ref. 8) have

demonstrated that for the circular tube, the
radiant interchange between a pair of area
elements such as dA(z) and dA(z;) (fig. 8) can
be represented in terms of an exchange factor
which plays a role similar to that of the diffuse
angle factor. An exchange factor was also
constructed to describe the radiant interchange
between the tube opening area A, and the
element dA(r,). For the circular tube, the
exchange factors were shown to be infinite
series, the tvpical term of which is a diffuse
angle factor multiplied by the surface reflec-
tance raised to an integer exponent. Exchange
factors can 2lso be constructed without diffi-
culty for passages whose walls are plane. How-
ever, for nonplune configurations other than the
circular tube, the construction of exchange
factors is a formidable task.

Upon applying the adiabatic condition that
the radiant energy incident upon a surface
location equals the radiant energy streaming
away from that surface location, one can derive
7’24:(-/1‘14_

T (z)~ TZ‘)EdA(Ii)—Al

L
+EJ‘ [T’—T;‘] dEdA(z,)—aA(z) (16)
0

where E is the exchange factor. The fore-
going applies to a passage with gray, diffusely
emitting and specularly reflecting walls. It
is interesting to compare equation (16) with
that for » fullv diffuse passage, equation (14).
The form of the two equations is similar, with
the exchange factor and the angle factor playing
analogous roles. Tt may be noted, however,
that while the transmission through the diffuse
cavity is independent of the radiation properties,
the same is not true for the specular-diffuse
cavity. For the latter, ¢ appears explicitly
in the integral equation and p is contained
in the exchange factors.

The net rate of energy throughflow can be
formulated as the difference between the radiant
energy passing into and out of the passage at
1; thus

Q.
A(T=T4H 7 A

INEEs

(17)
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The energy throughflow is calculable from the
foregoing equation as soon as solutions of
equation (16) have been found. The required
solutions may be carried out by choosing among
the various numerical and approximate analyti-
cal techniques previously discussed, with the
reservation that the approximate-kernel and the
variational methods are probably not suitable.

Results for Radiant Transport Through
Passages

The transmission of radiant energy through
tapered (plane-walled) gaps and tapered tubes
with gray, diffusely emitting and reflecting
walls has been determined in reference 21 by
iterative solution of equation (14); this informa-
tion is plotted in figures 7 and 8, respectively.
The results depend on two parameters: the half
angle of taper 8 and the ratio of the passage
length to the dimension of the openiag. Tnspec-
tion of the figures reveals that the energy
throughflow decreases with increasing passage
length for a given angle of taper. However,
the rate of decrease depends quite strongly on
the angle of taper. In particular, for passages
of moderate and large taper angle, the energy
throughflow decreases with increasing length
only when the passage is short; for longer
passages, further increases in length have very
little effect on the throughflow. On the other
hand, when the taper angle is small, the energy
throughflow is more sensitive to the length of
the passage. It is also seen from the figures
that for a given opening dimension (either
radius 7, or half-height &) and given length L,
the energy throughflow is larger when the taper
angle is large. (Note that in preceding figures
(figs. 2, 3, 5, and 6) ¢ is the total included angle
and h is the total gap spacing.)

For the circular tube and the parallel-walled
channel (6=0°), it is possible to derive closed-
form solutions for the energy throughflow for
the limiting cases of large L/r, and large L/h.
These solutions are shown as dashed lines on
the figures. For the tube, the limiting solution
yields a value of (8/3)/(L/r)) for the right-hand
side of equation (15); while for the parallel-
plate channel, the right-hand side is given by
(2 In (L/h)-1]/(L/k). Tt is interesting to note
that if figures 7 and 8 were plotted on a common
coordinate grid, the corresponding curves for the
tapered tube and the tapered gap would not
coincide.

Radiant transport results for the case of
specularly reflecting, diffusely emitting passage
walls are available only for the circular tube
(ref. 8). This information is presented in
table I, in which there is also listed for purposes
of comparison results for the diffusely reflecting
and emitting circular tube. It is seen from the
table that the specularly reflecting tube is a
more efficient transmitter of radiant energy
than the diffusely reflecting tube. This is
especially true when the surfaces of the passage
have low emittance, that is, when substantial
amounts of energy are transported by the
reflection process.

SUMMARY OF VERY RECENT WORK

During the time that has elapsed since the
writing of this paper, new information on the
radiation characteristics of cavities and passages
has become available. In particular, a method
of analysis for determining the radiant inter-
change among curved, specularly reflecting, and
diffusely emitting surfaces has been formulated.
Application has been made to cylindrical and
conical cavities and corresponding results for

TaABLE I.—Radiant Transport Through Circular Adiabatic Tubes

[(Q/xr)/a(Tid—Tyh)]

Specular reflection for—
L Diffuse
r reflection
e=0.1 l e=(.2 ' ex=(.4 ‘ =06 1 e=0.8
10 0. 192 0. 723 0. 588 0. 427 0. 320 0. 246
20 . 109 . 600 . 438 . 283 . 202 . 152
40 . 0595 . 449 [ . 304 . 173 . 113 . 078
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€, o, are now avsailable (ref. 22). A further
generalization was carried out to account for
the fact that real surfaces are neither pure
specular reflectors nor pure diffuse reflectors.
For a model wherein the hemispherical re-
flectance p is represented as the sum of specular
and diffuse components, radiation character-
istics have been computed for cylindrical and
conical cavities and for circular-tube passages
(ref. 23).

Further study has been performed on the
absorption of parallel-ray bundles in cavities.
Specifically, solutions have been carried out
for a specularly reflecting cylindrical cavity
irradiated by an obliquely inclined ray bundle
(ref. 24).

The effect of an axial variation in cavity-wall
temperature on the apparent emittance was
discussed at some length following the presen-
tation of the paper. Numerical information
relating to this matter is now available in the
literature (ref. 25).
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DISCUSSION

Les CanoTiIN, Aerospace: Are the cavities in which
you measure ¢ and « characteristics open-end cavities
or are they truncated?

Sparrow: Every cavity has a finite depth, with a
surface closing the end of the cavity.

CavoTinN: Have you found any difference between
the results for the open and the closed cavities?

Srarrow: I regard a cavity with an open end as a
passage, and I am sure that there would be differences
between the results for the open- and closed-end cases
when the cavity is shallow. However, if the cavity
depth is large, there would be very little difference.

Davip P. DEWrrr, National Bureau of Standards:
Would you care to comment on the necessity for iso-
thermal conditions, particularly with regard to how
serious thermal gradients are in blackbodies?

Srarrow: We made computations for nonisothermal
conditions some years ago. However, they have not
been published, and I am unable to recall specific
results at this time.

H. J. Kosteowski, National Bureau of Standards:
The emittance you are referring to here, I believe, is
hemispherical emittance. That is, the radiation that
you are considering is the total radiation coming out
in 2r steradians. Is that correct?

SrarROW: Yes, it is the total hemispherical emission
of the cavity.

Kostrowski: I think it should be emphasized that
these results for cavity measurements with 2r stera-
dians do not, in general, apply to measurements with
much smaller solid angles.

Searrow: In general, I agree with you. The in-
formation needed to determine the radiant eflux from
specific regions of a cavity is available in many of the
papers from which this survey is drawn.

Danier Comstock, Arthur D. Little: The results
that you have filed away that take into account thermal
gradients would be of great interest to all of us, and 1
would suggest that you publish them.

Searrow: We did a fair amount of work in generat-
ing these results; but I was not certain that there would
be sufficient interest to warrant publication.

ComsTock: Am I correct in understanding that the
tapered tube has an adiabatic wall?

SPARROW: Yes.

Comsrock: Then, to some extent diffuse scattering
and re-emission are indistinguishable; and this might ex-
plain why the transmission down the tube is independent
of length. But for a real channel, presumably, quite a lot
of the radiation would be lost in going down the tube.

Sparrow: Well, this depends on how well you
insulate the tube; but the same general analysis applies.

ArTHUR Katz, Grumman Aircraft: Have any of the
results that you presented been correlated with ex-
perimental data? Also, have you considered the sen-
sitivity of the cavity or passage characteristics to the
type of surface within the cavity or passage?

Sparrow: Experimental verification will be dis-
cussed in the paper by Kelly and Moore. Our choice
of paramecters was based more on a desire to exhibit
trends rather than on a desire to approximate a partic-
ular engineering material.






10. A Test of Analytical Expressions for the Thermal

Emittance of Shallow Cylindrical Cavities

FRANCIS J. KELLY AND DWIGHT G. MOORE

NATIONAL BUREATU OF STANDARDS, WASHINGTON, D.C.

Analytical expressions for the (approximately axial) thermal emittance of a shallow
cylindrical cavity were tested by means of room-temperature reflectance measurements.
The measurements were made by placing a paper-lined brass cavity of adjustable depth
over the specimen opening of a recording spectrophotometer. Reflectance curves were
obtained from 0.40 to 0.75 p with the plunger positioned to give cavity depth-to-radius
ratios of 0, 0.5, 1.0, 1.5, and 2.0. The resulting reflectances were then converted to emittances
through use of the relation that, for an opaque material, the emittance is equal to one minus
the reflectance.

Two theorctical expressions predicted the emittance of a cavity with a diffusely re-
fliccting wall to within 0.01. A closed-form expression of Gouffé, which forms the basis
of a shallow-hole method for measuring the emittance of nonmetals at high temperatures,
was in as good agreement with the experimental measurements as a more rigorous expression
derived by a different approach.

A specular component in the reflecting behavior of the cavity wall material for light
incident at large angles from the normal had a negligible effect on the cavity emittance at
a depth-to-radius ratio of 0.5, but its effect became important as the cavity depth was

increased.

The problem of determining the thermal
emittance of a cavity from a knowledge of the
emittance of the wall material and the geom-
etry of the cavity is important both for
optical pyrometry and thermal emittance
measurements. Most investigators (ref. 1 to
12) have been concerned with deep cavities
formed in diffusely reflecting materials. Re-
cently, a method of measuring thermal emit-
tance of polycrystalline ceramics has been
proposed in which cylindricul reference ecavities
of unprecedentedly shallow depth-to-radius
(I./R) ratios are used in order to minimize
temperature differences between the reference
cavity and the surface (ref. 13). The reliability
of this method depends on the accuracy of
analytical expressions for cavity emittance.

The purpose of the present study was to
compare the approximately axial emittances of

cavities predicted by several analytical ex-
pressions with those obtained experimentally.
The experimental measurements were made by
determining the spectral reflectance of an ad-
justable-depth paper-lined cylindrical brass
cavity from 0.40 u to 0.75 x and then converting
these values to emittance through use of the
relation that, for an opaque material, the
emittance is equal to one minus the reflectance.
Because the incident beam of the spectro-
photometer was near normal and the viewing
was hemispherical, the reflectance measure-
ment was, in effect, the complement of the
normal emittance, which is the property of
interest in the shallow-hole method (ref. 13).

The method used for testing the analytical
expressions had three distinct advantages over
the more direct approach of measuring emit-
tance at high temperatures. First, the prob-
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lem of achieving a uniform and accurately
known cavity temperature was eliminated;
second, it was possible, in a single spectropho-
tometer run, to determine the cavity spectral
emittance as a function of the surface spectral
emittance, simply by lining the cavity with a
selectively reflecting material; and, third, the
spectrophotometer was capable of measuring
reflectances to one part in 1000, which is a pre-
cision that could not be achieved easily with
available thermal-emittance equipment.

It may be desirable here to review some of the
phraseology and related concepts associated
with the present problem. Emittance is the
ratio of the flux per unit area radiated by a
specimen to that radiated by a blackbody at
the same temperature. It may be ‘‘total”
(referring to the energy radiated throughout the
entire spectrum), “‘hemispherical” (referring to
the energy radiated in all directions), “spec-
tral,”’ or “directional.” For a cavity, the area
referred to is the area of the opening. A spec-
trophotometer or radiometer directed toward
the opening, however, actually observes some
area of the wall (side wall or bottom) of the
cavity; and the apparent emittance of this
observed area (which is referred to as the emit-
tance of the cavity) exceeds the true emittance
of the wall material because the radiation that
the instrument observes includes radiation
from the remainder of the cavity that is incident
on and reflected from the observed area. The
cavity emittance thus obtained depends not
only on the direction of observation but also
on the precise location of the observed area in
the cavity. In general, the instrument is di-
rected approximately along the axis and ob-
serves an area on the bottom of the cavity.

EXPRESSIONS FOR EMITTANCE OF
SHALLOW CYLINDRICAL CAVITIES

Three general methods have been employed
for deriving equations to express cavity emit-
tance (ref. 14). The first, which was used by
Ribaud (ref. 1 and 2), Gouffé (ref. 3), and
Michaud (ref. 4), involves the caleulation of the
reflectance of the cavity; that is, the fraction
of the energy incident through the cavity open-

ing that later leaves the cavity after one or
more reflections from the walls. According to
Kirchhoff’s radiation law, the reflectance of the
cavity can then be converted to cavity emit-
tance by subtracting the reflectance from unity.

Of the various expressions derived by this
first approach, Gouffé’s was of primary interest
in the present investigation because of its pro-
posed use in the shallow-hole method (ref. 13).
Tts derivation is given in the original paper (ref.
3) and also in reference 13 and will not be re-
peated here. Gouffé, however, was not ex-
plicit in his published paper about one of the
terms used in his expression (s/S, in refs. 3 and
13) and this uncertainty caused some doubt
about the validity of his equation for cavity
emittance. However, appendix A shows that
his §/S, term is, in fact, an exact expression for
the quantity that is required.

Buckley (ref. 5), Yamauti (ref. 6), Rossmann
(ref. 7), Sparrow, Albers and Eckert (ref. 8),
and Liebmann (ref. 9) derived their expressions
by considering the flux coming from a surface
element opposite the opening. This flux in-
cludes not only that emitted by the element
but also that reflected by the element from
other areas of the enclosure. The recent work
of Sparrow and coworkers (ref. 8), who used
this approach, is especially noteworthy in that
it is possible from their analysis to obtain a
rigorous evaluation of the apparent emittance
of any elemental area on the walls of a cylin-
drical enclosure. This calculation requires the
use of a computer, however, because the integral
equation expressing the relations is amenable
only to a numerical solution.

The third method, used by De Vos (ref. 10),
is based on a calculation of the influence of the
hole on the radiation from other surface ele-
ments. The derived expression, however, can-
not be applied easily to shallow cavities. It
should be pointed out that De Vos considers a
specularly reflected component in his analysis
whereas the equuations derived by all other in-
vestigators apply rigorously only to materials
that are perfect diffusers.

The three expressions that seemed best suited
for shallow cavities are those of Gouffé (ref. 3),
Buckley (ref. 5), and Sparrow et al. (ref. 8).
These may be written in the following forms:
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Gouffé:
[0 (5]
€= (1)
(2
where

a/A ratio of area of cavity opening to total
area of cavity (opening included),

[l+( 0]

~—— <3 (see Appendix A for a derivation of
1+< R) this f term, which is the same as
cavity depth

Gouffé’s s/S;)
L
R cavity radius
€

emittance of cavity walls
€, cavity emittance

———= for a cylindrical cavity

Buckley:

4Ye(1=) exp (— 5%

where, in addition to symbols used earlier,

&(x,’) apparent emittance of a point z,’ on
cylindrical wall of cavity
apparent emittance of a point ' on
base of cavity
d diameter of cavity
z,’, 2’ dimensionless variable coordinates z,/d
and z/d, respectively, where z, and
are distances along cavity wall meas-
ured from cavity opening

€ (7" )

r radial distance from center point of
cavity bottom
r’ dimensionless coordinate /R

Equations (3) and (4) must be solved simul-
taneously. The mathematical scheme used
by Sparrow et al. was a numerical solution
accomplished with the aid of a digital computer.

Buckley (ref. 12), Michaud (ref. 4), and
Vollmer (ref. 15) made experimental measure-

2

5c=1+

Sparrow et al.:
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4

(1= = (o~ (1= — (1= e) exp | ~Z |

ments of the emittance of cylindrical cavities.
Buckley devised a method for determining the
apparent emittance of any point on the wall of a
cavity of any given configuration. He used an
artificial sky to illuminate a large scale model of
the cavity and an illuminometer to measure the
resulting brightness on the wall of the scale
model. The ratio of the measured brightness
at any point on the wall to the brightness of the
sky is equal to one minus the apparent emittance
at that point. His models had equivalent Z/R
ratios greater than 8.0 and square, rectangular,
and circular cross sections. He shows results
for two circular cylinders having wall emittances
of 0.15 and 0.265. The theoretical emittances
predicted by his two-term solution for an in-
finitely deep cavity agreed to within 0.02 with
the experimentally determined ones. He attrib-
uted the difference partially to the effect of
specular components in the reflection from the
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wall material when illuminated at large angles
of incidence.

" Michaud used a variable-depth, water-heated
“unpolished brass’ cavity with a wall emittance
of 0.6. His measurements, which were made
at 337° K, agreed with the Gouffé equation
(eq. 1) to within 2 percent over an L/R range
that extended from 0 to 6.0. Vollmer used an
aluminum oxide cavity at 1100° K in conjunction
with various optical filters. The filters per-
mitted the cavity to be tested at wall emittances
of 0.09, 0.13, 0.37, and 0.40. Two L/ ratios
were used: 2.98% and 3.966. Vollmer altered
Buckley’s expressions to conform with his ex-
perimental conditions. His tests showed that
the measured radiation intensity agreed with
the intensities predicted by this altered expres-
sion to within 6 percent.

EQUIPMENT AND PROCEDURE

Figure 1 is a photograph of the adjustable
eylindrical eavity used for the reflectance
measurements. A scale on the plunger shaft
permitted the L/R value of the cavity to be set
with a precision of approximately 0.5 percent.
The cavity was designed so that it could be
lined with paper 0.0035-inch thick without
obstructing free movement of the plunger. The
clearance between the paper-lined eylinder wall
and the plunger was about 0.003 inch. The
paper was attached to the cylinder wall and to
the top of the plunger with a thin uniform layer
of rubber cement. Although the area of clear-

FigurE 1.— Paper-lined cylindrical cavily.

ance between the cavity base and the paper-
lined wall is nearly 0.3 percent of the total area
of the cavity (for L/R of 0.5), it can be shown
that the presence of this clearance area will have
only a negligible effect on cavity reflectance.

The cavity opening was the same size as the
specimen opening in the General Electric recording
spectrophotometer which was used for the reflec-
tance measurements. This instrument is de-
scribed in reference 16. Basically, it consists
of (a) a light source, (b) a double prism assembly
for supplying a monochromatic beam, (c) an
integrating sphere lined with smoked mag-
nesium oxide with openings for a specimen and
a comparison standard, and (d) a radiation and
detection system. The instrument operates in
the equivalent of a double-beam mode so that
the reflected energy from the specimen is com-
pared at each wavelength with that from a
reference standard which, in turn, has been
calibrated against freshly prepared magnesium
oxide. 'The geometry of the instrument is such
that the spectral reflectance is measured under
conditions approximating normal illumination
and hemispherical viewing, which is the optical
equivalent of reflectance for diffuse incident
energy and normal viewing; this property, in
turn, is the complement of the normal spectral
emittance.

Ficure 2 shows that the incident beam of the
instrument is at an angle of 6° from the normal
to the plane of the reflectance-specimen opening.
When the depth of the cavity is zero, the beam,
which encompasses approximately 25 percent
of the area of the specimen opening in the
reflectometer, falls on the center of the movable
plunger. However, as is evident in figure 2,
the beain strikes the cavity base more and more
off center as the plunger is lowered. Also,
since the incident beam is somewhat divergent,
the illuminated area of the cavity base increases
slightly as the cavity depth is increased. The
effect of these deviations from the conditions
assumed in the derivation of the theoretical
expressions will be discussed in the following
section.

The reflectance measurements were made
after first centering the cavity over the specimen
opening of the spectrophotometer. Curves of
reflectance  against wavelength were then
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FicUure 2.— Positioning of cylindrical cavity with respect
to incident beam from spectropholometer. Positions of
plunger for various depth-to-radius (L/R) ratios are
indicated at left.

obtained from 0.40 to 0.75 for cavity L/R
ratios of 0, 0.5, 1.0, 1.5, and 2.0. Two series
of determinations were made; one with L/R
increasing in steps of 0.5 to the final value of
2.0, and the other with L/R decreasing by the
same inerements from 2.0 to the final value of 0.
In all cases, the duplicate measurements agreed
within 0.002. The average reflectance values
could be read from the two curves with a
precision of 40.001.

The spectrophotometer curves gave the
reflectances of the cavities relative to freshly
deposited magnesium oxide. The values taken
from these curves were then corrected for the
reflectance of the magnesium oxide by using
the data of Middleton and Sanders (ref. 17).
The cavity emittance, ¢, was obtained from
the relation e, »=1—p,» where p,) was the
corresponding spectral reflectance. The spec-
tral emittance of the cavity walls e was
measured with L/R=0. After the data reduc-
tion, it was possible to plot ¢, against e.

A broad range of e values was obtained by
lining the variable-depth cylinder with different
selectively reflecting papers. Three different
nonglossy papers were used as linings in the
initial measurements; one was green (fig. 3),
one white, and one black. Goniophotometric
measurements were made on each to determine

+20. ! ; -20
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Ficure 3.—Goniophotometric curves for nonglossy green
paper on a brass backing. The curves would be a
single circle for a Lambertian diffuser.

the nature of its deviation from a cosine
diffuser. The geometry of the instrument used
for the measurements was in accordance with
ASTM Standard Practice Recommendation
E167-60T (ref. 18). The light source in these
measurements was a collimated beam from a
tungsten lamp.

The goniophotometer data were obtained in
arbitrary units rather than in absolute reflect-
ance. In making the measurements, the de-
tector was first placed at the normal or 0°
position and the paper specimen illuminated at
75° from the normal. This reading was ar-
bitrarily taken as 1.0; all subsequent. measure-
ments were then related to this reading. The
measurements gave, in effect, the relative
intensities of the reflected flux. If the material
were a cosine diffuser these intensities would
plot as a circle on polar coordinate paper; if
the material were strongly specular, the meas-
ured values would plot with a pronounced
peak in the direction of mirror reflection.

CORRECTIONS FOR INCIDENT BEAM
GEOMETRY

Gouffé’s expression applies to a normally in-
cident beam of small cross-sectional area which
strikes the center of the cavity bottom. As in-
dicated in figure 2, the incident beam from the
spectrophotometer deviated appreciably from
this geometry. Both an experiment and a cal-
culation were performed to determine the effect
of this deviation on f, the first-reflection fraction
in Gouffé’s equation. The other terms in
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Gouffé’s equation are unaffected by the de-
viation.

The experimental measurements were made
by using a 2%-inch-inside-diameter cavity, lined
with black velvet, in which was mounted a
movable plunger of %-inch radius, the same size
as the specimen opening of the instrument (fig.
4). The top surface of this plunger, the only
part of the cavity not lined with black velvet,
was covered with one of the three papers men-
tioned earlier. The velvet was known to be
almost completely nonreflecting; hence, the
only portion of the incident energy that emerged
from the cavity was due to a single reflection
from the paper on the top surface of the plunger.

BLACK VELVET
LINING

PAPER-CAPPED
BRASS PLUNGER

AN

Ficurg 4.— Black-velvet-lined cavily.

Table I compares the f values obtained from
these measurements with values computed by
the Gouffé expression for center point illumina-
tion. Computation showed that a significant
error would result, especially at low L/R values,
if the f values for center point illumination were

TaBLE [.—Ezperimental and Computed f Values
Jor Cylindrical Cavilies

Fraction f of energy reflected from illuminated
area of base that emerges from cavity
without a second reflection
Depth-to-radius
ratio of cavity
Experi- Computed for| Computed for
mental » assumed actual geometry
center-point of incident
{llumination b beam ¢
0. 25 0. 919 0. 941 0. 916
.50 . 755 . 800 . 749
1. 00 . 456 . 500 . 453
1. 50 . 289 . 308 . 285
2. 00 . 187 . 200 . 192

s Measured with a black-velvet-lined cylindrical cavity equipped with
an adjustable paper-capped plunger.

b Computed from cxpression for f given in equation (1),

o S8ee Appendix B,

used in equation (1) for computing the cavity
emittances.

Theoretical values of f for the geometry of the
instrument beam were computed by a graphical
method described in appendix B. As shown in
table I, there is very good agreement between
values as computed in this way for the actual
incident beam and those measured with the
instrument.

In view of the results given in table I, correc-
tions for incident beam geometry were made by
substituting in equation (1) the f values ob-
tained graphically for the f values as computed
by the Gouffé expression for center-point illumi-
nation. In making these corrections it was
assumed that after the second reflection the
radiant energy within the cavity is totally iso-
tropic and homogeneous.

EXPERIMENTAL RESULTS FOR
CAVITIES LINED WITH
NONGLOSSY PAPERS

Figures 5, 6, and 7 show the spectral re-
flectance curves obtained for white, green,
and black nonglossy paper linings at different
depth-to-radius ratios of the cavity. Gonio-
photometric curves for the green paper on the
same type of brass backing are shown in
figure 3. The goniophotometric curves for
the bluck and white papers were similar to
those for the green paper except for somewhat
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Ficure 5.—S8peciral reflectances of cavities with white
paper lining.
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Froure 6.--Spectral reflectances of cavities with green

paper lining.
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stronger specular components at large angles of
incidence.

The cavity emittances for different wall
emittances are plotted in figure 8 for depth-
to-radius ratios of 0, 0.5, 1.0, 1.5, and 2.0.
The solid curves are those computed from
the Gouffé expression with the f term corrected
for the actual beam geometry. The agree-
ment between the experimental points and the
values predicted by the Gouffé equation is
excellent at an L/R of 0.5, but the agreement
becomes progressively poorer as the hole depth
increases.

301 -
w i
(%
< = -
g 20
= L/R=0 L/R=1.0 L/R=20 |
w — — _ i
& L/R=0.5 L/R=15
L 1o+ \
£ \

g X
o

40 45 .50 .55 .60 .65 70 75
WAVELENGTH IN MICRONS

7.—Spectral reflectances of cavilies with black
paper lining.

F1GURE

The same type of agreement was also ob-
served when the experimental points were
plotted without correcting for the reflectance
of the magnesium oxide. The principal effect
of this correction would be to move the points
toward lower emittance for both wall and
cavity; the positions of the curves drawn
through the points would be changed only
slightly by the correction.

EFFECT OF SPECULAR COMPONENTS

All three papers are good diffusers (as shown
in fig. 3 for the green paper) under the par-
ticular condition of the experiment in which
the incident beam strikes the paper at 6° from
the normal. This means that the radiant
energy is well diffused inside the cavity after
the first reflection. The distribution of angles
at which this diffused radiation strikes the
cylinder walls on the next reflection will
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FiGuRe 8.— Emittances determined by refleclance technique for cavities lined with three nonglossy papers. Solid lines
were computed from Gouffé expression with corrections far beam geometry.

determine to a large extent just how well the
experimental measurements will agree with a
theory for cavity emittance that assumes that
the walls are diffuse reflectors at all angles of
incidence.

For a cavity of L/R==0.5 (fiz. 9a) the encrgy
from the second reflection, because of the
small angles of incidence (measured from the
normal), will still be almost completely diffuse,

and good agreement with theory should occur.
(Figure 9 is constructed for center-point
Hlumination for ease of illustration. Angles of
incidence will, on the average, be higher for
the experimental beam.) However, in a cavity
of L/R=2.0 (fig. 9b) a significant part of the
diffused radiation from the first reflection will
strike the wall at fairly large angles of incidence,
and because of the specular component of
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FiGure 9.—Skelch illustrating angles of incidence at
which radiation diffused by a first reflection (center-
point ilumination) strikes the walls on the second
reflection.
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Freure 10.—Goniophotometer curves for the yellow “‘glare-
Sree ‘velvet”’ coated paper on a brass backing.

reflected energy that is present at these large
angles (fig. 3), more of this energy will emerge
from the opening than would emerge if the wall
were a perfect diffuser. Hence, the measured
cavity reflectance should be higher (and the
cavity emittance lower) than the values pre-
dicted by a theory which is based on a perfectly
diffusing wall surface.

Figure 8 shows that the cavity emittances
as determined from the reflectance measure-
ments are in good agreement with the Gouffé
expression at an L/R of 0.5. The lack of
agreement for deeper cavities might be ex-
plained then by the presence of specular
components at large angles of incidence.

To determine experimentally whether a better
agreement with theory could be achieved if the
walls of the cavity were lined with a material
that was less specular at large angles of inci-

dence than the papers used for the first measure-
ments, a second test was made in which the
brass cavity was lined with a recently developed
“glare-free velvet’” coating.! A yellow coating
was selected for these measurements and applied
at uniform thickness to one surface of a white
paper. The coated paper was then used to
line the cavity.

The goniophotometric curves for the coated
paper on a brass backing are shown in figure 10.
It is apparent from these curves that this par-
ticular lining is a much better diffuser than the
ordinary mat papers used for the earlier meas-
urements. The spectral reflectance curves for
the cavity with this yellow lining are given in
figure 11. The wall reflectances were converted
to emittances and plotted against the corre-

1.00 ¢ : | : ) [ . 1

i i ;

. i :
90 . YELLOW VELVET con‘rw@
IL/R=0

CAVITY REFLECTANCE

|
)

40 45 50 55 60 65 70 75

WAVELENGTH (N MICRONS

Froure 11.—Speciral refleclances of cavities lined with
yellow ‘‘glare-free velvet” coating.

1 Available from 3M Reflective Products Division,
Minnesota Mining and Manufacturing Co.
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F1Gure 12.—Emittances (circled points) determined by reflectance technique for cavities lined with yellow “glare-free

velvet” coating.

sponding cavity emittances by the same pro-
cedures used earlier. Figure 12 shows the
resulting plot. The fact that the experimental
points for this velvet-finish paper are in better
agreement with the Gouffé expression than the
experimental points obtained from the cavities
lined with ordinary mat papers indicates that
specular components were affecting the earlier
results.

Solid lines were computed from Gouffé expression with corrections for geometry of incident beam.

AGREEMENT BETWEEN ANALYTICAL
EXPRESSIONS AND EXPERIMENTAL
MEASUREMENTS

Table 2 illustrates the degree of conformity
between the emittance values predicted by
each of the three theoretical derivations and
the values obtained experimentally. To ob-
tain the cavity emittances for Sparrow et al,
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TaBLE I1.—Comparison of Ezperimental and Theoretical Cavity Emitlances

Experimental »
LR Wall exgnittance, Gouflé b QGouflé corr. ¢ | Sparrow, ¢t al. 4 Buckley »
* Mat papers Velvet coating

0.5 0.20 -0. 285 0. 297 0. 269 0.284 | ________ 0. 314
.40 . 492 . 507 . 481 498 | . ____ . b44
. 50 . 588 . 600 . 576 . 592 0. 588 . 634
.75 . 803 . 813 . 795 . 805 . 805 . 837
.90 . 923 . 927 . 919 . 924 . 924 . 938

1.0 .20 . 386 . 417 . 400 .418 | . _ . 425
. 40 . 610 . 633 . 618 .638 | _____.__ . 659
. 50 . 698 . 716 . 700 .718 . 706 . 741
.75 . 871 . 875 . 865 . 876 . 872 . 894
.90 . 951 . 951 . 949 . 953 . 951 . 961

1.5 .20 . 472 . 514 . 508 .616 | o .. . 525
.40 . 693 . 723 . 719 .728 ) ... . 749
. 50 .770 . 793 . 788 L7960 | o ..__ . 817
.75 . 908 . 917 . 911 917 | oLl . 932
.90 . 967 . 970 . 968 L9700 | . . 976

2.0 .20 . 546 . 590 . 584 890 | L . 613
. 40 . 755 . 788 . 784 L7900 | .. . 817
. 50 . 823 . 847 . 843 . 848 . 848 . 871
.75 . 936 . 942 . 939 . 942 . 942 . 955
.90 . 977 . 980 . 979 . 980 . 980 . 985

* Interpolated from curves drawn through the data polnts shown in
figs. 8 and 12.
b Computed for center-point viewing; no correction for beam geometry.

the curves of e,(z') against r’ in reference 8
were enlarged photographically by a factor of
5. Emittance values were read from these
curves with an accuracy of 0.001, and the r’
values with an accuracy of 0.01 R. Then these
values were used to obtain the average emit-
tance of the area illuminated by the incident
beam. The averaging process was very similar
to that described in appendix B.

Values included in the same table show the
type of agreement with the Gouffé expression
with the f value computed for center-point
viewing, which is the complement of center-
point illumination in the reflectance measure-
ments. This is a condition that could not be
duplicated with the spectrophotometer that
was used for the measurements. Poor agree-
ment would be expected between experimental
values and those computed for center-point
viewing, and table II shows that the agreement
was relatively poor. However, when the f
term in the Gouffé expression was modified to
conform with the off-center diverging beam of

° Corrected for beam geometry.
4 Corrected for beam geometry through use of curves given in ref. 8.
¢ No correction for beamn geometry required.

the instrument, the agreement was excellent.
It should be emphasized that this modification
of the f term was not a modification of the
Gouffé expression; it was necessitated only to
make the Gouffé expression conform with the
beam geometry of the instrument used for the
measurements.

When this correction was made for the inci-
dent beam, excellent agreement resulted be-
tween the experimentally determined cavity
emittances and those predicted by the Gouffé
expression. This same type of agreement with
the experimental values was also observed for
the expression derived by Sparrow et al.
Buckley’s expression, however, predicted cavity
emittances that were higher than the experi-
mental values by as much as 7 percent.

Total normal emittances when computed for
the cavity center by the Gouffé and the Sparrow
expressions are in excellent agreement in the
shallow cavity range. However, for deep holes
the Gouffé emittances are lower than those of
Sparrow et al.; for example, for a wall emittance
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of 0.5 and an L/R of 8.0, the Gouffé expression
predicts an emittance of 0.966 while the
Sparrow analysis gives 0.988.

APPLICATION OF RESULTS TO
SHALLOW-HOLE METHOD

Gouffé derives his equation for the emittance
of a specimen in which a reference cavity of
known geometry has been drilled by introducing
into equation (1) for the emittance of a cavity
the ratio E, defined as

1,
gt Los_& ®)
¢ Ic €
Ipn

where I, is the normal radiant flux per unit
area from a plane (noncavity) surface of a
specimen, I, is the normal radiant flux per unit
area from a cavity formed in the specimen
material, Ipp is the radiant flux per unit area
from a blackbody radiator under the same
conditions at the same temperature, ¢, is the
emittance of the specimen, and e is the emit-
tance of the cavity. Assuming that the
emittance of the cavity wall e is the same as
that of the specimen surface ¢, Gouffé com-
bines equation (5) with equation (1) to obtain

K (1+%—)‘)—%1
N 1-5+E (%—f)

Equation (6) is the expression used in the
shallow hole method (ref. 12). Obviously, it
can be valid only if equation (1) is valid.
Table II shows that the experimental values
of cavity emittance are in excellent agreement
with those predicted by equation (1), at least
for a material that is as good a diffuser as the
velvet coating. It would appear then that
the shallow-hole method when based on the
Gouffé equation can be used with good re-
liability if the method is restricted to those
materials that are diffusely reflecting. Most
fine-grained oxide materials fall into this
category. However, if the method should be

(6)

€y

used for materials that have strong specular
components ut large angles of incidence (rel-
ative to the normal), very appreciable errors
could be expected. Such errors could be
minimized, however, by maintaining the depth-
to-radius ratio of the reference cavity at the
lowest value consistent with good measurement
precision. A second precaution in the use of
equation (6) with the shallow-hole method
is that the f term should be corrected by the
method outlined in appendix B if an appreciable
area of the cavity base is viewed by the radia-
tion detector. This correction may be ne-
glected if the viewed area is at the center of the
cavity base and is small compared to the total
cross-sectional area of the cavity.

CONCLUSIONS

The results of a study of the emittances of
eylindrical cavities with depth-to-radius ratios
of 0.5, 1.0, 1.5, and 2.0 have indicated the
following:

1. When the wall material was a good
diffuse reflector, the theoretically de-
rived expressions of Gouffé and of
Sparrow et al. predicted cavity emittance
to within 0.01. Emittances predicted
by both expressions agreed equally well
with the experimentally obtained
emittance.

2. If the cavity material had relatively
large specular components at large
angles of incidence, relative to the nor-
mal, the experimental and theoretical
emittances still agreed for a depth-
to-radius ratio L/R of 0.5. However,
the agreement became progressively
poorer as the L/R value increased;
the emittance difference at L/R=2.0
was 0.035.

3. An expression derived by Buckley
predicted cavity emittances that were
always higher than the experimentally
determined values:; the maximum de-
viation was 0.037 for L/R=0.5.

4. The Gouffé expression can be used
with the shallow-hole method of
measuring thermal emittance with good
realiability for materials that are good
diffuse reflectors.
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APPENDIX A.—DERIVATION OF f

Gouffé (ref. 3) derived his expression for the emit-
tance of a cavity through use of a reflectance approach.
In his derivation, Gouffé assumes that the radiant flux
enters the cavity normally as a beam of small cross-
scetional area and that it strikes the base of the cavity
at the center point. He then procceds to compute the
fraction of this incident flux that will later leave the
cavity after multiple reflections from the walls, which
are assumed to be diffusely reflecting.

The f term which appears in equation (1) is the
fraction of the reflected flux that is returned through

the opening without a second reflection. This term is
the same as the s/S, term given by Gouffé. The proof
that this expression for f is rigorous for a cylindrical
cavity follows:

In figure 13, consider a narrow beam of radiant flux
from an external source striking the cavity bottom at
a small arca at A. This flux will be diffused in ac-
cordance with the cosine law so that it will uniformly
illuminate the interior of an imaginary sphere of radius
r drawn through points ABCD (refs. 19 and 20). Since
the sphere is uniformly illuminated the fraction f of the
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reflected flux that will emerge through the opening BD
‘without a second reflection is given by the ratio of the
area a, of the spherical segment BCD to the total
area of the sphere A,, or

F1GURE 13.—Section through a cylindrical cavity of radius
R and depth L.

or, with A,=4xr? and a,=4xr3—2xrL

4w ~2xrL_ . L
== 7y

It remains to find r in terms of L and R.
ure 13,

From fig-

ri=Ri4 (L — 1)

B D
~T2L

The fraction f then becomes

L,
f=1 2(1222?; =D
1

1+(%)2

APPENDIX B.—DETERMINATION OF f FOR AN OFF-CENTER INCIDENT BEAM

Consider a cylindrical cavity with diffusely reflecting
walls illuminated by an incident beam of finite size
that strikes the bottom of the cavity over any given
area. The problem is to find 7, the fraction of the
energy reflected from the illuminated area that emerges
from the cavity without a second reflection.

The f value for a beam striking the bottom at any
point between the center and the vertical wall is given
by Walsh (ref. 21):

e
R

T ;
() (&)

L
2%

1
=3
where

wﬁ

and r is the distance of the point from the center of the
cavity bottom.

The average value of f for the illuminated area is
needed. This average could not be obtained analyti-
cally; hence, a graphical solution was performed. Fig-
ure 14 illustrates the method. TFirst, the outline of
both the incident beam and the cavity base were plotted
to scale. Circles concentric with the base were then
inseribed to form circular segments 0.02R in width.
Next the area of each circular segment, Ae, within the
illuminated area was determined and multiplied by the
f value computed from equation (7) for the average

radius, /R, of the segment. The average, 7, for the
illuminated area was then computed from

| |
|

r=R r=0

FIGURE 14.-—Base of a cylindrical cavity illuminated by
an off-center incident beam. (Note: For purposes of
flustration circular segments are shown with a larger
Ar than was used in the graphical analysis.)
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DISCUSSION

E. M. Sparrow, University of Minnesota: In general,
the theories were derived for total radiation, whercas
you applied them for monochromatic radiation. Would
you care to rationalize this difference?

KeLLy: To apply the results monochromatically we
can use the method of your paper, but replace your local
emittance [B(r)]/eT* by the monochromatic value
[Br(m)J (N T)] where J(\,T) is the Planck function.
The analysis otherwise remains the same.

Micuaer T. Surn, University of Michigan: Are you
able to derive the emittance from the apparent re-
flectance at the opening?

KeLLy: Yes. The spectral, directional emittance is
equal to the corresponding spectral directional absorp-
tance of an element df on the imaginary surface of the
cavity opening. This follows from a simple generaliza-
tion of the argument by which von Fragstein? demon-
strated the equality of the spectral, directional
emittance and absorptance for an element df on the
surface of an opaque material.

Surn: How do spherical and eylindrical cavities
compare for the same relative cavity depth? I should
think that a beam going into the spherical cavity would
be more completely absorbed, so the spherical cavity
should have the higher emittance. Is that right?

KeLey: 1 don’t remember off-hand how the eylin-
drical and spherical cavities compare for all depth-to-
radius values. However, Professor Sparrow has
published the numerical results for cylinders of various
depths, and his paper in this Symposium contains an
analytical expression for the emittance of a spherieal
cavity. So the comparison can be made easily.

Tisor 8. LaszLo, Aveo Corp.: With regard to the
previous question, Gouffé published comparative data
for spherical and cylindrical cavities. According to his
findings, the cross-over point is at an L/R ratio of about
2. Below this value, the eylindrical cavity has a better
effective emittance; above this value, the spherical is
better. But I want to repeat a warning which I gave
several years ago. In the Gouffé formula there is an
error in the expression for 8/S. A correction factor has
to be applied to reduce the overall surface of both the
sphere and the cylinder. The reduction factor cor-
responds to the area of the cavity opening. If the ori-
fice area is large in relation to the length of the cylinder
or to the diameter of the sphere, the correction factor

% von Fragstein, C.: On the Formulation of Kirchoff’s
Law and Its Use for a Suitable Definition of Diffuse
Reflection Factors. Optik, vol. 12, no. 2, 1955, pp
60-70. Translation available from SLA Translation
Center, John Crerar Library, 35 W. 33rd St., Chicago 16,
1.

has to be used. If, however, the orifice is small, the
correction factor may be neglected.

Keiry: I do not think that a correction factor, if
necessary, can be very large, because the emittances
predicted by the Gouffé theory agree well with experi-
ment for shallow cylindrical cavities. Gouffé even
gives the correct value for a eavity of L/R=0.

RoGeR Scmmipt, Minneapolis-Honeywell Research
Center: Maybe it should be pointed out here that you
show that specularity reduces the emittance. Possibly
there is some confusion arising from the fact that
Sparrow’s cavity emissivity was hemispherical, whereas
your measurements were normal. I wonder if you
would clarify this.

KewLy: To obtain the hemispherical data that
Professor Sparrow presented today, one must compute
the energy loss at each point within the cavity and
integrate over the whole cavity. On the other hand,
we studied the apparent emissivity of a small area within
the cavity. If we had illuminated the cavity over a
hemisphere and collected all the radiation reflected
from the eavity, I am quite sure we would have obtained
Professor Sparrow’s values for hemispherical emittance.

One effect of specularity on the normal emittanee of
the cavity can be seen from this example. If one sends
a parallel beam of light normally into a very deep
specular cavity, and if the base of the cavity is parallel
to the cavity mouth, the reflected light will come right
back through the opening, and the cavity reflectance
will equal the reflectance of the cavity wall material.
However, if the base reflects diffusely, a fraction
of of the original light will return through the cavity
mouth on the first reflection. Here f is the angle factor
of the cavity mouth as seen from the base, and p is the
reflectance of the base. If the angle factor f is very
small, very little flux returns out of the mouth of the
cavity on the first reflection. 8o, in this case, the
normal emittance would be greater for a diffuse cavity
than for a specular cavity.

Searrow: When the analysis is made for the case
in which the incoming radiation is not diffusely dis-
tributed but rather is a bundle of parallel rays, under
certain circumstances the diffuse cavity is, indeed, a
better absorber. Under other circumstances, that
depend on the depth of the cavity, the specular cavity
is a better absorber. The confusion results from the
differences in the assumed conditions. I was talking
about diffusely distributed incoming radiation.

KeLLy: Our experiment used a bundle of approxi-
mately parallel rays falling on a certain area of the
cavity bottom. The whole cavity was not illuminated
directly by the incoming radiation.

Searrow: I think your answer was a good one.
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11. A Generalized Physical Model of the Role of Surface
Effects in Modifying Intrinsic
Thermal Radiation Parameters

ROGER E. GAUMER

LOCKHEED MISSILES & SPACE COMPANY, PALO ALTO, CALIF.

As a basis for discussing thermal radiation characteristics, physical phenomenological

models of metallic and diclectric material surfaces are presented.

The role and significance

of surface topography, of contaminant surface films and infused impurities, and of pore
size and scparation in dielectries are reviewed; and the desirability of adequately specifying

surfaces is emphasized.

The technical community has recently been
confronted with a situation in which it is very
difficult to make reliable correlations of experi-
mental data on the thermal radiation properties
of any material, regardless of the number of
experimental determinations. This situation
is only partially due to differences in experi-
mental technique and capability. The ap-
parent discrepancies are in considerable measure
attributable to the fact that the materials being
measured are not, in fact, the same physical
system, with the same physical surface. This
discussion will pertain to an approach to the
surface effects problem from a physical phe-
nomenological point of view; the engineering
heat transfer approach will differ in method, if
not in conclusions. Since there is only one
true physical reality, different approaches must
arrive at the same correct answer.

This discussion will be concerned primarily
with two illustrations, one of them a model of a
real surface of an electrically conducting mate-
rial (fig. 1), the other a model of a real surface
of a dielectric material (fig. 2). Emphasis will
be placed on some of the general problem areas,
the physical differences between the electrically

757-044 O - 65 - 10

conductive and the dielectric model, wave-
length-to-surface scaling parameters and, in
general, a discussion of the real physical prob-
lems in obtaining and describing a physical
system. The objective is to develop sufficient
understanding to allow a reliable prediction in
advance of the emittance or solar absorptance
of the commonly used aerospace materials.
There is no intent to go into depth in this

OXIDE LAYER

0.5 TY

F16uRE 1.—Metallic surface model.
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136 SURFACE EFFECTS

discussion, but rather to present a generalized
physical model of the over-ull effects of surfaces
in modifying intrinsic thermal radiation para-
meters of materials. If successful, a generalized
physical matrix of the important parameters
will be evolved here, with many of the details
being supplied by the other papers in this
session.

10

FicUrE 2.— Dielectric surface model.

CONDUCTIVE MODEL

Figure 1 is a generalized model of a metal; no
distinction is drawn between the various metal-
lic materials. The model is essentially that of
4 monatomic, homogeneous, isotropic solid
insofar as bulk volume properties are concerned.
The wavy lines impinging on the surface are
characteristic wavelengths of incident thermal
energy, 0.5 x having been chosen as representa-
tive of the solar spectrum and 10 p as repre-
sentative of the room-temperature infrared
spectrum. An attempt has been made to
demonstrate two aspects of physical reality
by describing the surface contour. The contour
on the left is representative of surface machin-
ing, as indicated by asperities and irregularitiex.
On the right is a typical representation of a

surface that would be produced by sandblasting,
hand polishing, or a similar method.

It will be noted that the outermost skin of
the surface has been drawn so as to represent
the presence of surface layers and contaminants.
Realistically these are thin oxide layers, grease,
dust and frequently fingerprints. Note that
such a thin layver of contaminant is quite effec-
tive in modifying characteristic reflection in the
solar range but is not important in affecting
infrared energy transfer.

The consequences of surface roughness be-
come clear physically from a glance at figure 1.
Light of about 0.5-4 wavelength (solar energy)
probably will be reflected by the indicated
surface asperities several times before actual
penetration into the volume of the material.
Consequently, if a surface is rough in the same
dimensional sense as the wavelength of sodium
light, there will be multiple internal surface
reflections and significantly increased surface
absorption. If that same physical surface is
considered with respect to a 10-y infrared wave-
length, it seems clear that the infrared is unaf-
fected by the relatively minute geometrical
surface irregularities.

It is also evident that the angular orientation
of regular surface disturbances is important.
If for instance, the surface were represented by
a 60° V-groove geometry and all the energy
were incident 60° to the normal, an equivalent
blackbody would be the result. Incident energ
oblique to the surface would suffer a very
different modification. The physical conse-
quences of this model are that the important
charncteristics in determining the effect of
surface geometry modifications are the average
separation of the peaks #, the average height
of the peaks 7 and the average slope of the
irregulavities  dy/dz. The model should be
three-dimensional to be realistic, and the inset
in fizure 1 attempts to portray the real surface
characteristics of waviness and general topo-
graphic structure.

The small dark marks in the upper left hand
corner of ficure 1 are contaminants which in
this micro-inch geometry penetrate the surface
as o result of mechanical infusion of contami-
nants, wark hardening processes, and machining
operations; these must be considered as
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impurities. The illustration indicates the
possible consequences of grain refining due to
cold working or recrystallization.

In order to establish the relative importance
of the various physical phenomena it is neces-
sary to consider the effects as a function of the
ratio of the wavelength of incident energy to
the dimension of a surface disturbance. In
other words, one may reasonably expect
micro-inch disturbances to influence the reflec-
tion or absorption of energy of optical wave-
lengths but not of infrared. Conversely, only
gross microscopic surface phenomena would be
expected to alter significantly the infrared
reflective characteristics of material. These
statements are not adequately confirmed by
existing experimental data and should be tested
by a suitable set of experiments. One immedi-
ate conclusion is that a dielectric material
would be expected to influence the infrared
wavelengths more strongly, as the average pore
size and separation are of this magnitude.

Such phenomena as destructive interference
would be exhibited only in the presence of a
surface film of the order of 0.1 u; only in this
quarter-wavelength region would interference
phenomena be important. In this instance,
abundant confirmatory experimental evidence
does exist. The deposition of thin contaminant
films of smoke or grease on a metallic surface
is best detected ekXperimentally in the ultra-
violet region—an evident quarter-wavelength
phenomenon. In fact, experience to date has
been that if degradation does not occur in the
ultraviolet, it will not occur at any longer
wavelength.

It may be instructive to consider a few of
the prevalent notions of a “surface”. There is
in nature no such thing as a pure surface. A
real surface looks a great deal more like that
of figure 1 than the straight line that an analyst
draws on a clean white sheet of paper. Simi-
larly, there is no such thing as an opaque or a
transparent material. The degree of opacity
must be specified in terms of absorption coeffi-
cient which is not only dependent on wavelength
but also dependent on surface condition and
geometry. Only by an adequate understanding
of the physical nature of real surfaces will it
become possible to perform reproducible ex-

periments. One might conjecture that the
intrinsic emittance of a metallic conductor is
very much less important in determining the
effective emittance of a real sample of the
metal—for example, aluminum—than is the
surface geometry and contamination condition.

DIELECTRIC MODEL

Figure 2 is a generalized physical concept of
a dielectric surface model. Again, the dimen-
sions are worthy of note. On the left is a
10-p infrared wavelength and on the right a
0.5-u solur wavelength. While the penetration
depth of solar radiation into metals is usually
100 to 1000 & the penetration depth of solar
radiation into a dielectric is three to four orders
of magnitude greater. The average depth for
complete optical opacity runs from a few
thousandths of an inch for strongly absorbing
materials to several inches or feet for relatively
transparent, or glassy, substances. In this
dielectric model, the spherical dots are repre-
sentative of pigment or, generally, solid ma-
terial. The background in figure 2 is represen t-
ative of the vehicle which holds together this
particular aggregate. The medium (vehicle)
could be representative of that in any pigment-
vehicle paint system. A reasonable extension
of this model would be one in which some of
the other dots are considered to be metallic
in nature, which would lead to a physically
adequate model of a semiconductor. In the
dielectric, the physical processes that govern
the absorption of energy are very different from
those for a metallic conductor. It is intuitively
obvious that the surface as such is relatively
less important in modifying the intrinsic
thermal radiative parameters than is the surfuce
of an electricul conductor.  Also, the modifyving
effects of surface filins or contaminants are
relatively less important. These general ob-
servations lead to the conclusion that the bulk
structure of a dielectric material is the dominant
factor in  determining effective radiation
parameters.

Again, the absorption of incident energy by
a dielectric system is dependent upon several
obvious physieal parameters. First, as indi-
cated by the black arrows, some of the incident
energy will suffer first-surface reflection. The
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energy transmitted into the first surface will
suffer second-surface reflection dependent upon
the nature of the layer and the relative indices
of refraction. The energy continuing on in the
bulk of the solid is absorbed by the standard
optical processes of scattering, back-scattering
and true absorption. The degree of absorption
is dependent upon the refractive indices of the
scatter centers relative to the refractive index
of the binder. In a sintered material, the index
of refraction and the absorption coefficient for
the binder approach unity. Probably the most
important parameter in determining absorption
within a dielectric is the particle separation.
This implies that the basic phenomenon is
back-scattering between voids. It is known,
however, that the pigment particle size and
shape is also important. Undoubtedly the two
most important parameters are the particle
average radius r and the interparticle separa-
tion 4. Additionally, standard processes of
manufacture result in the coalescing of foreign
material around the scattering centers, and,
thus, an additional complicating factor 1is
introduced. The existence of this phenomenon
is indicated by the dark border on several of the
dots. The infusion of impurities towards the
top of the material specimen, which is a natural
physical consequence of manufacture, is also indi-
cated in figure 2. Here the impurity effect on
thermal radiative parameters is probably per-
centage-wise less important than in the metallic
model.

If an attempt is made to extrapolate the
dielectric model to elevated temperatures, a
new set of difficulties present themselves. Now
the energy content of the body is of such a
magnitude that the body itself constitutes a
significant source of thermal radiation. The
sample is variously transparent or translucent
to its own radiation, Electromagnetic energy
is not only entering the surface but is also being
generated and transmitted within the volume.
All of these physical processes are pronouncedly
wavelength dependent. The only suitable
analytical approach to the solution of this prob-
lem is that involving a complete conservation

of enerey equation. The elevated-tempera-
ture heut balance for a glassy material being
externully irradiated is probably best deter-
mined experimentally because of the difficulties
just mentioned.

CONCLUDING REMARKS

The intent of this paper has been to provide a
physical phenomenological model which is use-
ful for determining and evaluating the relative
importance of those physical parameters which
influence the thermal radiative behavior of real
specimens of real materials.

Those parameters which have been identified
as possessing considerable importance are:

Surfuce geometry and topography
Contaminant films and infused impurities
Pore size and separation in dielectrics.

Intermediate between the models of electrical
conductors and electrical insulators is prob-
ably that of the semiconductor. Much more
information is required prior to the formulation
of a reliable model. Directional dependence of
reflection is an example of an area where more
informution is required. A significant omission
in this piper has been discussion of the optical
behavior of radiation originating within the
solid at the surface when leaving the sample.

Tt seemns clear that the first and most neces-
sary step in enhancing our knowledge of the
governing physical processes of absorption, re-
flection, and transmission is to develop a suit-
able means of reproducibly preparing and speci-
fying a surface in terms of those parameters
indicated to possess first-order importance. Tt
will be possible to correlate existing experi-
mental information on, say, the total hemi-
spherical emittance of beryllium only when
each datwn point is accompanied by an ade-
quate specification of the surface geometry and
topography, impurity content, thin film, etc.
The workers in the field of thermal radiative
transfer in solids should devote their immediate
attention to establishing suitable techniques
for surface preparation, characterization, and
specification,
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DISCUSSION

T1BoR 8. LaszLo, AVCO Corporation: I would like to
offer a comment relating to what Dr. Gaumer said at
the beginning.  We made total emittance measurements
on pure alumina samples which differed only in their
surface characteristics. A Talysurf instrument was
used to measure the differences in surface finish. We
found that even in cases where the eenter line average
roughnesses differed by a factor of 10 or even 20, the
emittances were the same. Of course, this would bear
out the fact that the emittance in this case is not a
surface-dependent characteristic but is defined by what

we call volume emittance. For such materials it is
sometimes possible to create surfaces with predetermined
emittance values without changing other properties.
This can be done very easily by selecting a nonmetallie
material with satisfactory hardness, refractory proper-
ties, and so on, and incorporating a small amount of
pigment or coloring material—for instance, chromie
oxide in alumina—in such a way that the volume emit-
tance will be very greatly changed without changing
the mechanical, physical, and refractory properties.






12. Comments on the Surface Characterization of Real

Metals

DAVID P. DEWITT
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Radiation properties of metallic specimens have been shown to be very sensitive to

methods of preparation, thermal history, and environmental conditions.

The magnitude,

sensitivity, and complexity are illustrated by an example from the literature. An indication
of how a real surface might be characterized is discussed in three general categories: topo-
graphical characterization, chemical characterization (species present), and physical (or

structural) characterization.

Until more systematic methods and techniques for characteri-

zation are developed, the experimentalist must assume responsibility for attempting to
describe all significant aspects of his physical specimens using conventional laboratory

techniques and apparatus.

EXAMPLE OF SURFACE EFFECTS ON
EMITTANCE

Radiation properties of metallic specimens
have been shown to be very sensitive to methods
of preparation, thermal history, and environ-
mental conditions. The magnitude, sensitivity,
and complexity of these effects are well illus-
trated by some recent studies of aluminum
surfaces by Reynolds (ref. 1). The measure-
ment technique involved tubular specimens
electrically heated in air, with a lateral slit
serving as the blackbody cavity opening. Two
surfaces were prepared, of roughness 3 uinch
(0.076 p) and 115 upinch (2.9 u), CLA.!

Figure 1, which compares the normal spectral
emittances * of the two specimens at 326° C,
indicates primarily the effect of surface rough-
ness. It is easily seen that roughening the

! CLA (centerline average) roughness is defined as
the average value of the departure of the profile from
its center line, whether above or below it, throughout
the prescribed sampling length.

? The term radiance ratio is used by some workers in
the field as equivalent to the term “emittance’.

surface increases the emittance at all wave-
lengths. The effect of the natural oxide layer
Is more apparent on the rougher specimen,
where it gives rise to the prominent peak near
11 u. The effects of any structural variations
among the specimens and bulk aluminum
caused by surface preparation technique cannot
be discerned from these data.

Figure 2 shows data for these same two speci-
mens for different temperatures. For the
3-uinch-roughness specimen, heating from
326° C to 532° C caused an increase in emittance
at all wavelengths and the appearance of a
peak near 11 u due to the oxide layer formed
during heating. Subsequent measurements at
326° C show that the emittance was increased at
all wavelengths, with a very pronounced peak
near 11 u. This increase and peak must be
attributed to oxidation effects, For the 115-
uinch-roughness specimen the results are similar
but more pronounced. Roughening the surface
strongly increased the spectral emittance at all
wavelengths and accentuated the peak near
11 u arising from the oxide layer. Subsidiary
emittance peaks appeared around 3.5 u and
6.0 u as oxidation proceeded. Prolonged heat-
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Fioure 1.—The effect of roughness on normal spectral
emitlance of aluminum in air at 826° C. (After
Reynolds, ref. 1.)

ing at higher temperatures increased the
spectral emittance considerably at wavelengths
beyond 10 p.

This example points out the problems in-
volved in understanding the effects of the
environment on thermal radiation properties of
metals in specific applications. There is fur-
ther evidence in the literature (ref. 2 and 3) to
support this example of extreme dependence of
the optical behavior of metals on surface con-
ditions. However, most of this evidence has
been collected under unrelated or diversified
conditions so that it is not possible to relate
observed effects to environmental conditions.
It is apparent that the nature of the problem—
the identification and control of variables—
demands a highly systemutic approach to clarify
and categorize conditions which give rise to the
effects.

CHARACTERIZATION OF REAL
SURFACES

Even though the nature of surface conditions
and their effects on optical properties are not
clearly understood, the differences between real
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Ficure 2.—The effects of roughness and ozidation on
the normal spectral emiltance of aluminum in air.
(After Reynolds, ref. 1.)

and ideal surfaces can be distinguished. It
seems advantageous to classify these differences
under three general headings which give an
indication of how a real surface might be char-
acterized ; namely, topographical characteriza-
tion, chemical characterization (species present),
and physical (or structural) characterization.

Topographical Characterization

The profiles of real metal surfaces are always
shown as irregular patterns of peaks and valleys.
Topographical characterization must provide a
purametric description of such surface features
as roughness type, roughness distribution, and
lay 3 that affect the optical behavior. Bennett
and Porteus (ref. 4, 5, and 6) have shown in
a quantitative manner the effect of surface
roughness parameters on normal spectral reflec-
tivity. The distinguishing feature of their
work was the absence of any effects other than
those due to surface topography; consequently

+ Lay refers to the direction of the predominant
surface pattern produced by tool marks or grains of
the surface ordinarily determined by the production
method used.
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the results are a significant contribution toward
further understanding of topographical charac-
terization. Similar studies that include gonio-
metric measurements need to be made, as it
can well be appreciated that the directional
characteristics will be very sensitive to surface
texture.

Chemical Characterization

The real metal surface unavoidably has a
surface film of one type or another. TIn engi-
neering applications, these films may be greases
or other deposits, but normally they are oxides
of the base metal. Even if only the natural
oxide layer is considered, characterization is
difficult. The layer is a mixture of several
different chemical species (metal atoms, oxygen
ions, and one or more metal ions) ; the interface
between oxides and base metal is not smooth;
the rate of oxide growth is dependent upon the
base metal surface topography, structure, tem-
perature, and atmospheric conditions. The
study of oxide layer growth is a problem
of current interest. Numerous reviews and
studies (ref. 7, 8, and 9) have been reported,
but the mechanism of the oxide layer growth
1s not completely understood for some metals,
for there are many conflicting theories and
opinions. It is evident that considerable work
1s necessary to further our understanding of
how to chemically characterize a surface.

Physical or Structural Characterization

The surface characteristics just discussed—
topographical and chemical—are easily under-
stood to have important influences on optical
behavior. However, the effects caused by
physical structure beneath the surface are not
so apparent (ref. 10). In the case of a perfectly
smooth surface free from surface films, a surface
layer several hundred angstroms deep (skin
depth of penetration of radiation) is responsible
for the optical behavior of the metal, Struc-
tural features of this layer, such as adsorbed
gas atoms, lattice imperfections, and ecrystal-
linity variations, can be expected to have an
influence on the optical behavior.

It has been shown that some mechanical
polishing processes cause structural changes in
layers near the surface (ref. 11). There is

evidence of a layer of supercooled fluid metal
that fills the scratches caused by the abrasive
(ref. 12). This layer (called the Beilby layer)
has no clearly defined interface with the under-
lying metal (ref. 12 and 13). The outermost
regions of this layer appear to be completely
noncrystalline, and the structure becomes more
crystalline as the depth from the outer surface
increases. ln some cases the layer will contain
oxide. It has also been suggested that the
polished layer is unstable and will revert, in
time, to the ordinary crystalline state (ref. 14).

Heat-treating, cold-working, various surface
preparation treatments, and many other proc-
esses can give rise to variations in physical and
chemical characteristics between the bulk and
surface layers. However, concrete evidence is
lacking that these variations can in all cases
cause significant changes in the optical behavior
of metals.

CONCLUSION

Until systematic methods and techniques for
characterization of surfaces are more fully
developed, the experimentalist must assume the
responsibility for attempting to describe all
significant aspects of physical specimens for
which data are obtained and reported. Many
conventional laboratory techniques and ap-
paratus, such as microphotography, etching
techniques, profilometers, and electron micros-
copy, could be employed to immediate ad-
vantage. Certainly for clarity and significance,
it is essential that some surface characterization
information, no matter how incomplete, ac-
company numerical values of thermal radiation
properties.
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13. Influence of Surface Roughness, Surface Damage, and
Oxide Films on Emittance
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A discussion of the effect of surface roughness, surface damage, and surface films on
emittance is given. From the results of recent theoretical and experimental investigations
of the influence of surface roughness on reflectance, it is concluded that at wavelengths where
diffraction effects predominate, the hemispherical emittance is virtually unaffected by
surface roughness. Thus, the surface roughness of finished metal surfaces, even those as
rough as 60 uin. rms, will not affect the energy radiated by the material at room temperature.
The emittance is, however, strongly affected by disorders in the lattice structure at the sur-
face, often called surface damage, which are introduced in the usual finishing operations.
It may also be affected by surface films, although naturally occurring oxide films ordinarily
have negligible effect at room temperature and below. Some examples illustrating these

points are given.

In order to make accurate radiative transfer
calculations, the spectral emittance of the
material of which a body is composed must
be known. If the spectral emittance is
measured directly, formidable temperature-
control problems must be overcome. In addi-
tion, at room temperature and below, the
low signal levels obtained make direct spectral
emittance measurements very difficult (ref. 1
and 2). Precise emittance values can, however,
be obtained from reflectance measurements
(ref. 3) with an uncertainty in the best cases
of as little as +0.001. When making emittance
measurements, one must consider the effects
of surface roughness, surface damage, and the
presence of thin surface films. Surprisingly,
the hemispherical emittance of surfaces having
roughnesses considerably smaller than the
wavelength of the light is quite insensitive to
surface roughness. The emittance is affected
by surface damage and to a lesser extent by
the presence of a surface oxide film. Some
examples illustrating these points for metals and
semiconductors will be given.

DEFINITIONS

Emattance is defined as the ratio of the energy
emitted by a material to that which would have
been emitted had the material been a blackbody
at the same (uniform) temperature. The
emittance of a material is thus a function of the
kind and thickness of material and also of its
surface condition.

The emissivity is defined as the emittance of
an opaque homogeneous material with an opti-
cally smooth surface which has suffered
negligible surface damage. It has been argued
(ref. 4) that since it is difficult either to deter-
mine the degree of surface damage or to
eliminate it, the distinction put forth here is
unnecessary. In reply, it should be pointed
out that solid state calculations based on band
theory yield the emissivity, not the emittance,
The presence of surface damage is measurable,
and failure to adequately specify sample con-
dition is largely responsible for wide dis-
crepancies both between theory and experiment
and between experiments performed in different
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laboratories on ostensibly the same materials.

In the case of a stock material used in
engineering, it is frequently not possible to
specify accurately the history and condition
of the surface, and considerable doubt must
therefore exist as to the validity of its calculated
emittance. Nevertheless, the distinctions pre-
sented above have merit, and arguments in
favor of them, many of which were ably
summarized by Harrison (ref. 5) at the last
symposium, are impressive. They will there-
fore be used in this paper.

EFFECTS OF ROUGHNESS

Kirchhoff’s law (ref. 6) states that the total
emittance of a body equals its total absorptance.
Thus, if its transmittance is zero, the total
emittance equals 1 minus the total reflectance,
or, if we are considering flat bodies, the hemi-
spherical emittance equals 1 minus the hemi-
spherical reflectance. If the surface is also
smooth, so that only specular reflection occurs,
there is a unique relation between the angle at
which beams of light strike or emerge from the
surface of the material and their direction of
travel inside the material. Therefore the
directional emittance in this case will equal 1
minus the specular reflectance in that direction,
and is calculable from Fresnel’s equations if the
optical constants of the material are known.

If the surface is not smooth, the situation
becomes more complicated. The directional
emittance is no longer equal to 1 minus the
specular reflectance in a given direction, nor
is it obvious that it can be calculated from
Fresnel’s equations. The directional emittance
may still be obtained from reflectance measure-
ments, but for surfaces which are quite rough
relative to the wavelength it is necessary to
measure the light reflected in a given direction
from a sample equally irradiated at all angles of
incidence, or its optical equivalent, the total
reflectance of a sample irradiated from the
desired direction.

Fortunately, instruments are available (ref. 7)
for making such measurements with reasonable
accuracy. Caution should be used, however,
in relating the results of such measurements to
the reflectance or emittance which a perfectly

smooth surface of the same material would have,
since a change in the shape of the curve of
directional emittance versus angle may occur
as the surface roughness increases. For ex-
ample, surfaces having gross roughnesses such
that all values of the slope of the surface
irregularities are equally probable might be
expected to obey Lambert’s cosine law even
though a smooth flat surface of the same
material did not. The limited experimental
evidence available does indicate that Lambert’s
law is more closely followed by very rough
surfaces than by smooth ones (refs. 8 and 9).
Additional quantitative work on the influence
of various types of surface roughness on
directional emittance is greatly needed.

In addition to possible changes in the ratio
of the directional emittance at different angles,
for sufficiently rough surfaces a change in
the total hemispherical emittance or reflectance
would also he expected since light striking
the surface woild suffer multiple reflections.
The hemispherical emittance of a surface having
gross surfuce irregularities compared to the
wavelength would then be expected to be
larger and the hemispherical reflectance smaller
than for a perfectly smooth surface of the same
material.  As the surface becomes smoother,
however, geometrical optics no longer holds
exactly, diffraction effects must be considered,
and thus the concept of multiple reflections
breaks down. In the diffraction region the
behavior of the hemispherical emittance has
thus been unclear. However, in the limit, as
the surface roughness approaches zero, the
cmittance clearly assumes the value of that for
a perfectly smooth surface. Therefore, at
some point, as the surface becomes less rough
relative to the wavelength, a change in the
hemispherical cmittance from the multiple-
reflection,  geometrical-opties  value to  the
smooth-surfuce value will occur.  Although the
point at which this change occurs is not known,
it will now be shown that in a substantial
part of the diffraction region the hemispherical
emittunce equals the smooth-surface value.
This proposition is contrary to generally
accepted beliefs about the effect of surface
roughness on  hemispherical emittance. At
first glunce it is also contrary to a large amount
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of experimental evidence indicating that even
slightly rough surfaces in general have higher
hemispherical emittances than do smooth ones.
However there is good theoretical evidence,
substantiated by experiment, for concluding
that this observed increase in emittance is a
result not of surface roughness but of surface
damage introduced in the process of making
the surface rough.

The evidence for such a conclusion is based
on the effect of surface roughness on specular
reflectance in wavelength regions where diffrac-
tion effects must be considered. A theory has
been proposed which postulates that in this
region surface roughness affects only the
angular distribution, not the total amount of
energy reflected by a surface. If this theory
can be shown to be in agreement with experi-
ment, it follows from Kirchhoff’s law that, in
this diffraction region, the hemispherical enit-
tance is independent of surface roughness.

The effect of surface roughness on the optical
properties of materials was apparently first
seriously considered by Lord Rayleigh (ref. 10),
who published a paper about it in 1901. The
solution, however, has only recently been ob-
tained. If the sizes of the irregularities are of
the order of the wavelength or larger, the prob-
lem becomes one involving geometrical optics.
In this case, the facets of the surface behave like
small mirrors pointed in various directions, and
the statistical properties of the surface must be
known in great detail in order to predict the
optical behavior. If, however, the surface
irregularities are much smaller than the wave-
length, one has a diffraction problem.

This problem was solved by Davies (ref. 11),
whose work has been extended and experi-
mentally verified by Bennett and Porteus
(ref. 12). Their expression for the observed
relative reflectance of a rough surface at normal
incidence is shown in figure 1. The reflectance
of a perfectly smooth, flat surface of the re-
flecting material is R,. The observed specular
or coherent reflectance of the rough surface is
R, so that the observed relative reflectance at
normal incidence is R/R,. This observed
relative reflectance is expressed in terms of the
rms roughness o, the rms slope m, the wave-
length A, and the half angle of acceptance A8 of

the optical system which collects the reflected
radiation. The second term on the right,
which represents the diffusely or incoherently
reflected light which is collected by the optical
system, is proportional to (¢/A)*; hence, it
becomes negligible as the wavelength increases,
and the observed relative specular reflectance
is then given by the first term only, a simple
exponential. In figure 2 this exponential
expression is represented by the solid line.
The circles represent experimental points for
aluminized ground glass. The general agree-
ment demonstrates the validity of the theory
for small values of o/\.

The theory was recently extended by Porteus
(ref. 13), who showed that if the surface has a
Gaussian height distribution, the exponential
term correctly represents the coherent reflec-
tance for all values of ¢/A. However, as /A
becomes larger the incoherent term becomes
more important and an increasingly exact
statistical description of the surface is required,
culminating in the limiting case in which geo-
metrical optics applies. The predicted behavior
of the coherent term has been experimentally
verified (ref. 14), as is shown in figure 3. The
circles represent the relative reflectance plotted
against ¢/A, of an aluminized sample of ground
glass for which the incoherent reflectance was
negligible. They fall on the Gaussian curve,
represented by the solid line, very accurately,
not only for small values of o/X, but also up to
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FIGURE 1.—Schematic represeniation of the reflection of
light normally incident on a rough metal surface. The
analytical expression for the relative reflectance 1s
shown at the right.
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the validity of the theory for small values of a/\.

the largest_value, 0.155, for which specular, or
coherent, reflectance could be observed.

At oblique incidence, the theory is compli-
cated by polarization effects, and becomes very
difficult to handle unless the s and p components
of reflectance are assumed to be equal. If such
an assumption is made, the dependence of
coherent reflectance on angle of incidence is
obtained by substituting o cos ¢ for ¢ in the
exponential, where ¢ is the angle of incidence.
At large angles of incidence, metals satisfy
these assumptions to a good approximation.
Experimental reflectance measurements at large
angles of incidence on metals having various
degrees of surface roughness are in good agree-
ment with this theory (ref. 15, 16, and 17).

The theory predicting the effect of surface
roughness on specular reflectance has been
shown to be in excellent agreement with
experiment in the diffraction region. This
theory assumes that there is no change in the
total reflectance of the sample us the surface
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FIGURE 3.— Results of fitting observed reflectance values of
a typical aluminized ground-glass surface (circles) to
a Gaussian reflectance funcltion (solid line). This
demonstrates the validity of the theory for values of
afn up to 0.155.

roughness increases, but merely a change in
the ratio of coherently to incoherently reflected
light. There is thus strong evidence that, in
the diffraction region, a change in the total
reflectance of a sample with increasing surface
roughness does not occur. It follows directly
from Kirchhofl’s law that no change in total
emittance in this region can occur because of
surface roughness.

It may be of interest to point out the range
of surface roughnesses involved. We have
taken an unfavorable case, since the rms slope
of the surfuce irregularities of ground glass is
considerubly larger than that of a machined
or ground metal surface. In this unfavorable
case, we have shown that the theory fits the
experimental data for values of /A at least as
lurge as 0.15. 1f one is concerned with the
thermal radiation at room temperature or
below, the blackbody maximum will occur
at a wavelength of 10 u or more. Thus,
since o/ may be 0.15, the rms roughness may
be as large as 1.5 g, or 60 pin., an unusually large
value for a finished metal surface, and there
will still be a negligible effect on the energy
radiated by the material at room temperature.
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EFFECTS OF SURFACE DAMAGE

The effect of surface damage and resultant
lattice distortion on the optical properties of
materials has been grossly underestimated,
particularly in the case of metals and of semi-
conductors at wavelengths shorter than that
of the absorption edge. In emission or ab-
sorption, the surface layers always act to
modify the radiation incident on them from
inside or outside of the surface. For these
materials the extinction coefficient k is usually
sufficiently high that the optical penetration
depth A2k is considerably smaller than the
depth of the surface damage, and emission or
absorption of radiation actually occurs entirely
in the disturbed surface layer. The maximum
effect of the damage-induced changes in the
band structure in this layer will be in the
joint density-of-states function for interband
transitions, so that the optical properties in the
region of intrinsic absorption, which usually
occurs in the ultraviolet, visible, and near infra-
red, will be most strongly affected by surface
damage. However, even at longer wavelengths
in the free-carrier region some changes will
occur.

It has been shown that a minimum amount
of surface damage is introduced during sample
preparation if etching or electropolishing tech-
niques are used. Recently a technique has been
developed (ref. 18) at Michelson Laboratory for
producing electropolished samples which are also
optically smooth and flat. As an example of
the effect of surface damage, figure 4 shows the
reflectance at normal incidence in the intrinsic-
absorption region of two copper samples cut
from the same high-purity ingot. The observed
reflectance in both cases was corrected for sur-
face roughness, which was slight, and in each
case measurements were made immediately
after the polishing was completed to minimize
the effect of possible surface films. More or less
conventional optical polishing techniques—a
pitch lap covered by a silk screen, and bowl
feed—were used for the sample whose reflectance
is represented by the open circles. Although it
was smooth, optically flat, and looked identical
to the electropolished sample, its reflectance was
considerably lower—by as much as a factor of

two at the shorter wavelengths. Results for the
electropolished sample are in good agreement
with those of Lowery, Wilkinson and Smare (ref.
19) and also with those reported for evaporated
films by Hass (ref. 20). The preliminary values
reported here are thus believed to be at least
approximately representative of undistorted
bulk material.

In the infrared region, the reflectances of the
two samples approach the same value, as ex-
pected from theory. However, as is shown in
figure 5, they do not become equal in the wave-
length region where appreciable thermal emis-
sion occurs. Although the difference in re-
flectance is not large, the emittance in this
region is sufficiently small that, for example, at
10 u, the wavelength at which the maximum in
the blackbody curve at room temperature
occurs, the two emittances differ by over 50
percent. The solid line represents the re-
flectance predicted for copper in the free-elec-
tron region by the Drude-Zener theory (ref.
21). The bulk d-¢ conductivity, 5.31210Y
esu, and an effective electron density of 2
electrons per atom were used in the calcula-
tions. The preliminary reflectance values for
electropolished copper reported here differ from
the theoretical values by less than 0.2 percent
in the 3- to 32-u wave length region.
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F16uRE 4.—Reflectance of electropolished copper (tri-
angles) and mechanically polished copper (circles) from
0.3 to 1 u. Both samples were cut from the same high-
purity ingol.
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Ficure 5.—Reflectance of electropolished copper (tri-
angles) and mechanically polished copper (circles)
from 1 to 32 u. The solid line gives the reflectance of
copper calculated from the Drude-Zener theory.

Figure 6 shows the reflectance at normal
incidence of an electropolished germanium
single crystul, indicated by the solid line, and of
an evaporated germanium film which x-ray
diffraction measurements showed to be amor-
phous (ref. 22). The difference between the
two reflectance curves, which apparently re-
sults only from a difference in the structure
of the germanium samples, is particularly
striking. When the evaporation conditions
are changed so that an epitaxial rather than
an amorphous film is formed, the reflectance
of the epitaxial film in this wavelength region
is virtually identical (ref. 23) to that of the
electropolished single crystal.

EFFECTS OF SURFACE FILMS

Little will be said here about the modification
of emittance by surface films. It is worth
pointing out, however, that although naturally
occurring oxide films may strongly affect the
emittance of metals at visible and ultraviolet
wavelengths, such films often have relatively
little effect in the infrared. Figure 7 shows the
calculated decrease in the reflectance of alumi-
num caused by oxide films of various thick-
nesses (ref. 24). Berning, Hass, and Madden
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Ficure 6.—Reflectance of eleciropolished germanium
single crystul and evaporated amorphous germanium in
the 0.3- fo I-p wavelength region. The difference
between the two curves illustrales the influence of crystal
structure un the optical properties of germanium.

(ref. 25) have reported that the thickness of the
film which forms at room temperature on an
aluminized mirror surface is about 22A. The
decrease in reflectance caused by such a film
would be less than 0.2 percent even at 5500A.
Even much thicker films will have practically
no effect on the emittance of aluminum in the
infrared region. In some cases, for example
Ti0, on Ti as reported by Hass and Bradford
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Figure 7.—Cualculated decrease in reflectance resulting
from the formation of oxide layers of various thicknesses

on aluminun.. The oxide thickness for each curve s
shown benealh it
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(ref. 26), the infrared emittance is much more
strongly affected by an oxide film than in the
case of aluminum. Also, a very small decrease
in infrared reflectance may cause an appre-
ciable change in emittance if the reflectance is
very high. Nevertheless, for many metals the
infrared emittance is not significantly affected
by the presence of thin oxide films.

CONCLUSION

To summarize, in determining emittance one
must consider surface roughness, surface dam-
age, and the presence of surface films. Surface
roughness may cause errors in reflectance
measurements, but it does not appreciably
change the hemispherical emittance of the
sample in the diffraction region. Surface dam-
age may drastically affect the emittance of
metals and semiconductors having large extine-
tion coefficients. For this reason, tabulated
emittance values for such materials which have
undergone such common operations as turning,
grinding, or buffing must be regarded, at best,
as only approximate. Only if very repro-
ducible methods of sample preparation, such as
vacuum deposition under carefully controlled
conditions, electropolishing, or vapor decom-
position are used is the emittance data at room
temperature to be trusted. Fortunately, how-
ever, the room temperature emittance of metals
in the infrared region is frequently unaffected
by the presence of a naturally occurring oxide
film.
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DISCUSSION

LeoroLp Cann, Research and Advanced Technology
Division—Aerojet General Corporation: I have been
suspicious of the possible effect of surface crystal damage
on emissivity determinations for several years. I used
the electropolishing method in the preparation of dark
mirrors on high temperature alpha/epsilon determina-
tions for the Air Force in 1961. My congratulations are
extended to Dr. Bennett for effectively demonstrating
such a relationship. In surface preparation it should
be noted that the oils used in machining and forming
stainless steel and other metallie substrates are often
based upon sulfur. Conventional degreasing with
trichloroethylene may not remove them but electro-
polishing will.

Again, sandblasting also results in crystal damage
and inclusions, and should never be a final surface
treatment. I previously cncountered some of the
problems caused by substrate stress in the magnetic
coating of memory devices. Stress was shown to have
a marked effect on magnetic qualities, and electro-
polishing was very effective in removing damaged
crystal layers and inclusions. The effect of stress

on the optical qualities of films is revealed by the fact
that even the rate of deposition of a thin film will
modify the refractive index of the material. Also,
the conditions of measuring emissivity will often cause
fluctuations because of thermal stress relief.

In conclusion, I feel that the effects of crystal
damuage and substrate stress on optical properties
offer a finc field for further investigation.

Rocer . Gaumer, Lockheed Missiles and Space
Company: Mr. Cann's comment is valid; that is a
subject that we have not touched on. I might com-
ment that there exist a considerable number of sophisti-
cated techniques for obtaining smooth and reproducible
surfaces, none of which, to my knowledge, is applicable
to the construction of space trucks or satellites. The
dollar costs are prohibitive because we are building
very large, very unsophisticated things in general, and
the Vanguurd-type techniques simply are not applicable.
However, an investigation of the kind that you
mentioned will probably be most useful in leading to
a fundumental understanding of what is going on.
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The Effect of Slight Surface Roughness on Emittance’

R. E. ROLLING

LOCKHEED MISSILES & SPACE COMPANY, PALO ALTO, CALIF.

Further discussion is given of the emittance of slightly rough surfaces.

A published

example is cited to show that even where the theory does not agree with the measurements,

it does correctly indicate the trends.
rough is also discussed.

These comments pertain to one of the con-
clusions reached by Dr. Bennett; namely,
that the hemispherical emittance of a specimen
does not appear to be changed in magnitude
by surface roughness. It should be emphasized
that his observation is based upon results
obtained with samples that are only slightly
rough. In this case it is unlikely that multiple
reflections will occur at the surface; although,
if multiple reflections are present, they must
cause a change in the gross radiation properties
of the surface. The surfaces examined by
Dr. Bennett had roughnesses, as I recall, in
the range 0.1 to 1.0 micron rms and would
have small average slopes between hills and
valleys. This is precisely the region where
the theoretical approach of Davies, as further
treated by Porteus, would be applicable.
In spite of the limitations of this theory, it is
interesting to note that for many practical
roughened surfaces the treatment will indicate
trends in radiation properties.

For example, let us consider some results
recently published in the ASME Journal of
Heat Tiansfer (ref. 1). Figure 1 presents
the data for the specular reflection of blackbody
energy from the surface of roughened nickel

! This paper is a prepared comment on the preceding
paper Influence of Surface Roughness, Surface Damage,
and Ozide Films on Emittance by H. I.. Bennett.

The case in which the surface is more than slightly

samples. The samples were roughened in
the range 0.14 to 0.86 micron rms and exposed
to blackbody energy at temperatures from
125° F to 680° F. The abscissa 0,7 cos 8
contains the blackbody temperature in order
that it might more nearly represent the ratio
of roughness height to wavelength. The ordi-
nate is found by integration of the product of
the spectral specular reflectance, as determined
by Davies, and the blackbody spectrum. This
integration is shown at the top of the figure.
The figure then represents an attempt at cor-
relating data by using a theory that assumes no
interreflections are taking place at the surface.
The dashed line represents the theoretically
predicted results for the surfaces and tempera-
tures reported in the paper.

The differences in magnitude between the
theoretical predictions and the experimental
observations are quite large. A number of
reasons can be postulated as probable causes
for the large discrepancy. First, the surface
roughnesses were determined by surface probe
profilometry which, for small surface roughness,
can be considerably in error. Bennett and
Porteus report in an earlier work that, in the
range of roughnesses used in reference 1, it is
possible that profilometry may produce values
of o, that are too low by a factor of 1% to 2.
Correcting for this error would shift the ex-
perimental results toward larger values of

153



154 SURFACE EFFECTS

R

]

08— ~

o l']:o 06— .

R _e—(41nrmcosG/)\)z

Rs L [ (a4 8/T)?
= — (K)Tof'a"fe Tomeet
—
\\

Cy

=
E 75 (e St/ AT

]dAT
{)

O m-RMS ROUGHNESS
8-ANGLE OF INCIDENCE
A -WAVE LENGTH
o -STEFAN - BOLTZMANN CONSTANT

\\\
04 |— >~
DATA FROM S~
BIRKEBAK, SPARROW, S~
ECKERT, RAMSEY S~
\\\
02} e ———
L )
o | 1 | | | | 1 | |
0 100 200 300 400 500 600 700 800 900 1000

o, Tcos8(pu-°R)

Fioure 1.—Total specular reflectance of roughened nickel samples.

¢, cos 6 and bring the prediction closer to
the observations. A second source of error is
the solid angle subtended by the detector and
the imaging technique used in the optics. I
cannot comment with confidence on the effects
of these with regard to the data of reference 1,
since I have no detailed knowledge of the ap-
paratus other than that reported in the paper.
However, it is probable that the detector
collected energy other than that which was
reflected in a purely specular manner from the
surface. Accounting for this source of error
would further change the correlation of ex-
perimental results. A third possible explana-
tion for the large disparity is that the samples
were roughened with grinding techniques, which
invariably result in surface strain that changes
the basic optical constants of the roughened
surface. Here again, a precise assessment of
this effect on the data cannot be made but it
is likely to have occurred.

In spite of the extent of, or reasons for, the
large disparity in absolute magnitude between
the experimental and theoretical results, the

correlation does show that the surfaces used
follow the behuvior predicted by the diffraction
theory. The applicability of the theory to
such results is indeed encouraging.

Assuming that the diffraction theory applies
for predictions of radiation properties of slightly
rough surfaces leaves us with the necessity of
finding a reasonable basis for the prediction of
radiation properties of surfaces that are not in
this category, that is, for surfaces that are so
rough that a number of interreflections occur.
Dr. Chang Lin Tien, of the University of Cali-
fornin at Berkeley, suggests that the best
approach for this case may be that proposed
by Dr. Rice at the Symposium for Electro-
magnetic Energy held at New York University
in 1960. Dr. Rice presented solutions for the
reflection of electromagnetic energy from a
rough sea using Maxwell’s equations and the
complex boundary conditions of rough surfaces
having a Gaussian distribution. Extending
this approach to the interaction of radiant
energy with rough metallic surfaces appears
promising since the solution allows for inter-



EFFECT OF SLIGHT SURFACE ROUGHNESS ON EMITTANCE 155

reflections. Theoretical results obtained from
Maxwell’s equations do not predict the same
value of hemispherical emittance as for a
smooth surface, which is the result given by the
simplified diffraction theory. I wish that prog-
ress on this study could be presented at this
time, but a good deal of work remains to be
done.

Finally, I would like to make some remarks
concerning the manner in which experimental
results are reported in current literature. The
limited number of papers available on surface
effects tend toward oversimplification in re-
porting the properties of the experimental sur-
facesused. Inmany cases the only information
included as sample description is reference to
the material and root-mean-square roughness.
Experimental observations of the radiation
properties of a surface are determined by optical

properties, surface profile, mechanical struc-
ture, chemical structure, instrumentation tech-
niques, and inherent errors. In view of this
multitude of variables it is obvious that con-
siderable effort should be put into complete
reporting of the experiment and samples so
that another investigator can properly assess
the results in terms of other observations. The
contents of present reports do not permit such
evaluation and tend to detract from otherwise
valuable contributions to the study of surface
effects.
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15. Importance of Surface Films

JOSEPH C. RICHMOND

NATIONAL BUREAU OF STANDARDS, WASHINGTON, D.C.

The effects of surface conditions, such as roughness and the presence of films, on thermal
radiation properties are briefly outlined, and an example is cited where oxide films formed
on heating in a good laboratory vacuum (about 10-% torr) markedly affected the total
hemispherical emittance of a specimen of sandblasted Inconel.

Reflection and refraction occur at an interface
as a result of the abrupt change in the speed of
electromagnetic radiation in passing across the
interface. The physical laws relating the
fraction of the incident flux that is reflected and
the angles of reflection and refraction to the
indices of refraction of the materials on the two
sides of an optically smooth interface and to
the angle of incidence and the amount and
direction of polarization of the incident radia-
tion are well known and need not be elaborated
here.

In the specific case of a specimen in vacuum
(or air), the reflectance at the specimen-vacuum
interface determines how much of the externally
incident radiation will be refracted into the
specimen, where it can be absorbed or trans-
mitted, and how much of the internally incident
flux will be refracted through the interface and
thus emitted. Hence the reflectance at the
vacuum-specimen interface exerts a strong
influence on all of the thermal radiation proper-
ties of the specimen.

When the interface is not optically smooth,
multiple reflection and destructive interference
occur, both of which tend to reduce the reflec-
tance. While the general effect of roughness
is known in a qualitative way, no rigorous

equations have been derived which quantita-
tively relate roughness to reflectance.

A surface film, of index of refraction less than
that of the specimen, will reduce reflectance,
and a film of index of refraction higher than
that of the specimen will increase reflectance.
When films are present, interference effects can
also occur, which may greatly increase absorp-
tance. These effects are related to both index
of refraction and thickness.

Thus we see that to properly characterize the
surface of a specimen we need to describe the
departures of its surface from an ideal optically
smooth surface, and also the thickness and
index of refraction of any surface film that may
be present.

Changes in both surface contour and the
nature of the surface film can occur as a result
of test conditions. As an example, about 5
years ago we showed results (ref. 1) that were
obtained on a sandblasted specimen of Inconel,
on which the total hemispherical émittance was
measured at a pressure of about 1075 torr (fig. 1).
Since the atmosphere in the test chamber was
air, the oxygen partial pressure was on the order
of 21078 torr.

Heating at temperatures up to about 500° C
resulted in a permanent decrease in emittance.

157



158

.80

I T T
70 —
S | HOUR | |2 v2 HOURS
z '
<
=
=
5 !
W START OF i |
-] 4 i
3 AGO__SEQUENCE : B
=4 \
@ i
w .
T 1
Fy ki
on .
s -
u _ <P~ _END OF
» SEQUENCE
S .
o 50— |
e
%@
SUCCESSIVE HEATING :
CYCLES NUMBERED
O @06 ® 6
40— —
| | J | {
o] 200 400 600 800 1000

TEMPERATURE (°C}

Ficurg 1.—Total hemispherical emittance of a sand-
blasted Inconel specimen during successive heating cycles
in a vacuum with an oxygen partial pressure of the
order of 2X 1078 torr.

This was believed to be due to removal of ad-
sorbed films, although the exact nature of the
films was not determined.

Heating the specimen at temperatures of
about 600° and 700° C resulted in both cases
in an appreciable increase in emittance with
time. This was due to the formation of an

SURFACE EFFECTS

oxide layer which formed on the specimen even
at this low oxygen pressure.

At temperatures on the order of 800° C, the
emittance decreased appreciably with time—
from about 0.72 to about 0.55 in 2% hours.
This effect was caused primarily by removal of
the oxide layer. Chromic oxides dissociate in
vacuum at temperatures above about 780° C. At
temperatures of 800° C and above, chromium
volatilizes appreciably and at the same time
there is a smoothing effect on the surface of the
specimen somewhat similar to that produced
by electropolishing. Both peaks and valleys
were rounded off, to produce a bright surface
that had a much higher reflectance than the
initial sandblasted surface.!

Our experience with Inconel is presented to
emphasize that it is not enough to know the
surface roughness and the films present on the
specimen before a test is started. We must
also know how these change during a test in
order to interpret our results properly. But
most important of all, if our data are to be
really useful, we must be certain that the
surface condition of the specimen during test
is truly representative of the material as it is
used. This is perhaps the most frequently
neglected and the most eritically important
aspect of surface characterization.
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16. Surface Properties of Metals

H. H. BLAU, JR., AND H. A. FRANCIS

ARTHUR D. LITTLE, INC., CAMBRIDGE, MASS.

Data are presented to show the effect of surface oxidation, eaused by heating in air, on
the spectral emittance (2 to 14 ) of stainless steel. Also presented are the spectral emittance
data for platinum and Inconel surfaces coated with silicon monoxide 1000 A thick and then

heated in air.

A method is deseribed for obtaining aluminum surfaces with periodic dis-

tributions of ridges (two-dimensional roughness) or of hillocks (three-dimensional roughness)
with periodicities of several hundred angstroms.

Development of mathematical models to aid
our understanding of the interaction of radiation
and matter—particularly metallic conductors—
has been a subject of considerable interest for
many years. Its origins are found in the early
1900’s in the surprisingly successful work of
Hagen and Rubens and of Drude who attempted
to explain metallic reflection and absorption in
terms of the interaction of a classical electro-
magnetic wave with free, or conduction, elec-
trons. Today, using more sophisticated quan-
tum mechanical theories such as that of Hol-
stein, it is possible to almost completely specify
the optical properties of certain pure metals in
terms of measurable solid state parameters.
Conversely, a considerable body of information
on the solid state can be derived from optical
measurements.

Unfortunately, such information is of very
restricted value to the engineer or scientist con-
cerned with problems such as space vehicle
thermal control. Our ability to predict from
first principles is limited to a few very pure
metals, carefully prepared so as to have smooth,
flat surfaces free of chemical contamination
and physical disordering. The influence of the
material surface is particularly significant not
only with regard to the very pure specimen of
interest to the solid state physicist but also with
regard to materials of engineering importance.

This is easily understood in terms of the strong
absorption characteristics of metals. Extinction
coefficients are large so that the penetration
depth for optical radiation is limited to very
small distances—of the order of a few hundred
angstroms. Consequently, emission and re-
flection processes are surface phenomensa and
are almost completely controlled by the chemi-
cal, physical and topographical nature of a thin
surface layer at most a few thousand angstroms
in thickness. This note will briefly examine
some of the effects of chemical and topo-
graphical surface properties.

CHEMICAL EFFECTS

Changes in the chemical nature of a surface
can significantly alter emittance or reflectance
properties, essentially by altering the emitting
or reflecting material. Such effects are most
significant at high temperatures, where reaction
rates are large, but can be important at low
temperatures as well. Oxidation reactions are
most frequently encountered.

Figure 1 rather dramatically illustrates the
effects of surface oxidation. It is a graph of
spectral emittance as a funetion of wavelength
from 2 to 14 u for stainless steel. The lower
curve is for a sample heated in air for 3 hours at
600° (O, and the upper curve is for a sample
heated in air for 6 hours at 1000° C. The
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FI1GURE 1.—Spectral emitlance of oxidized stainless steel.

emittance values differ by a factor of about
2 because of oxide formation. The oxide layer
in this case is rather thick.

Figure 2 shows the influence of thinner
surface films. Silicon-monoxide films, about
1000 A thick, were vacuum-deposited on plati-
num and Inconel substrates. The specimens
were then heated (the platinum to 600° C and
the Inconel to 1000° C), and the spectral
emittances measured. The maxima at about
10 microns are due to intrinsic absorption in
the oxide layer. In the case of the Inconel,
the structure in the short-wavelength region
is probably due to chemical effects in the silicon-
monoxide metal interface. The SiO coating
did not completely protect the substrate from
oxidation. These effects are reasonably repre-
sentative of what can be encountered, even with
rather well protected systems.
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F1GURE 2.—Spectral emiltance of silicon monozide coated
platinum and Inconel.

TOPOGRAPHICAL EFFECTS

Surface topography is one of the most
important and least understood factors affecting
the thermal properties of solid materials, be
they metals, dielectrics, or semiconductors. In
general, with highly absorbing materials, an
increase in surface roughness leads to an increase
in emittance—the familiar cavity effect dis-
cussed in Professor Sparrow’s paper. With
highly transparent materials, the effect is quite
different ; roughening the surface increases sur-
face scattering so that a previously transparent
material can become a rather effective reflector.

The problem of surface topography is at least
twofold. First, we must devise means of char-
acterizing material surfaces; then we must de-
velop mathematical formalisms that will permit
us to express optical properties in terms of the
parameters describing surface geometry.

Dr. Bennett and his associates at the Michel-
son Laboratory have made significant contribu-
tions to this subject, relating surface parameters
to normal spectral reflectivity. In effect, they
have developed an optical method for deter-
mining certain surface parameters or, if these
parameters are known, for determining their
effect on normal spectral reflectance.

Dr. Bennett’s work is, however, only a
first step, since we are generally concerned with
the three-dimensional character of radiation.
Ideally we would like a full description of optical
properties in terms of surface statistics. Prac-
tically, however, we may well have to settle for
far less. In Dr. Emslie’s paper, he suggested
that spectral emittance or reflectance might cor-
relate with the optical diffuseness of a surface.
In effect, he suggested an optical rather than a
geometrical approach to specification of surface
topography, which is certainly an interesting
possibility.

A considerable body of experimental data will
be required to help establish such’correlations.
Such data should be obtained under accurately
known experimental conditions for specimens
with carefully measured surface finishes.

The paper by Keegan, Schleter, and Weidner,
taken together with the paper on the measure-
ment of surface properties by Spangenberg,
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Strang, and Chamberlin, is an example of the
type of study that is required.

In closing, 1 am going to describe some pre-
liminary work of a related nature that we are
conducting which deals with preparation of
metal surfaces with controlled surface topog-
raphy.

Several years ago, Paul Doherty and Richard
Davis (ref. 1) of our metallurgy group discov-
ered that very thin amorphous oxide films
formed on electropolished aluminum single
crystals exhibit highly regular submicron topog-
raphies at the free surface while the metal-oxide
interface is essentially smooth and flat. These
topographies thus represent a corresponding
periodic variation in oxide thickness between
about 20 and 70 &. On the (110) surface, this
topography is much like that of a diffraction
grating and consists of corrugations parallel
to the (100) direction. The corrugation spacing
may be accurately varied between about 300
and 500 & which, incidentally, is about ten
times finer than can be produced by conven-
tional grating ruling techniques. On the (111)
surface, the topography consists of a close-
packed array of hillocks with separation on the
order of the cqrrugation spacing.

To account for these ordered topographies,
Doherty and Davis proposed that the mono-
layer of oxide in contact with the metal is a
two-dimensional crystal with long-range order
corresponding to the substrate orientation.
The approximately 0.5 percent difference in
atomic spacing between the monolayer and the
metal results in a vernier relationship between
them. Since the rate-limiting step for oxide
growth is cation transport across the oxide
metal interface, the periodic variation in inter-
face structure due to the vernier causes a
corresponding variation in oxide thickness.

Considerable insight into the physics and
physical chemistry of oxide formation was
derived from careful study of the nature of the
amorphous oxide. The oxide can, however,
be used for a more prosaic purpose; it can serve
as & mask through which, by the chemical
action of certain acid reagents, a geometrically
characterizable topography may be initiated

in the metal on an extremely fine scale and
coarsened to almost any degree desirable.
Pits bounded by certain crystallographic planes
form in the aluminum at the regions of thinnest
oxide and then enlarge to impingement, result-
ing in a faceted topography which subsequently
coarsens with time. This effect is illustrated
in figure 3 for the (110) surface. The photo-
graph in the upper left of the figure is a replica
of the free surface of the original oxide layer and
consists of very regular, closely spaced corruga-
tions. The photograph in the upper right is
the same surface after immersion in acid re-
agent for 3 minutes. A good deal of regularity
has been preserved, with the pattern now etched
into the metal rather than contained on the
oxide layer. With further etching (photo-
graphs at lower left and right), the regularity
degrades rapidly.

A more attractive situation is illustrated in
figure 4, which shows similar photographs for
the (111) surface. The pattern here is that of
hillocks mentioned previously. The photo-
graph in the upper left is the pattern etched
into the metal after immersion in acid reagent
for 3 minutes. The peak-to-valley depth here
is about 200 A. The photographs at upper
right and lower left and right correspond to 1-
hour, 1%-hour, and 2-hour exposures to the
reagent, respectively. A high degree of reg-
ularity is maintained while the peak-to-valley
separation is increased from 250 A&, or 1
microinch, to approximately 5000 A&, or 20
microinches.

The surfaces shown in figures 3 and 4 show
considerably more order than surfaces pre-
pared by etching polycrystalline materials or
by sandblasting. We hope that study of the
emission or reflection properties of such sur-
faces will assist in developing a better under-
standing of the optical effects of surface
topography.
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Ficvre 3.—Development of etch topography on the aluminum (110} surface.

Arrows indicate 1-u scale.
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F1gure 4.—Development of etch topography on the aluminum (111) surface. Arrows indicate 1-u scale.






17. Eftect of Surface Texture on Diffuse Spectral Reflectance

A. Diffuse Spectral Reflectance of Metal Surfaces

H. J. KEEGAN, J. C. SCHLETER, AND V. R. WEIDNER
NATIONAL BUREAU OF STANDARDS, WASHINGTON, D.C.

B. Surface Texture Measurements of Metal Surfaces

D. B. SPANGENBERG, A. G. STRANG, AND J. L. CHAMBERLIN
NATIONAL BUREAU OF STANDARDS, WASHINGTON, D.C.

Part A describes an attempt to correlate the effect of surface finish (texture) on the
diffuse spectral directional reflectance of metals; measurements were made over the wave-
length range from 0.2 to 2.1 p for samples of sintered beryllium, steel gage blocks, steels
machine-lapped with various types and sizes of abrasives, polished and sandblasted alumi-
num, platinum, and a chemically polished beryllium block.

Part B describes surface-texture measurements made on most of the same surfaces by
interferometry. Several conventional parameters describing these surfaces were determined
by stylus and interferometric techniques. Interferograms of the surfaces are included.

A. Diffuse Spectral Reflectance of Metal Surfaces’

In June 1963, the Flight Reentry Programs
Office of the NASA Langley Research Center
requested the NBS Spectrophotometry Unit of
the Photometry and Colorimetry Section to
measure the diffuse spectral directional reflec-
tances of eight samples of sintered pressed
beryllium over the wavelength range from 0.26
to 2.1 p. Each beryllium block had one face
polished, and the polished faces had different
degrees of finish.

This study led to the investigation of other
metals and a wider range of roughness; and the
surface finishes were evaluated by several
techniques, including microinterferometry.

t Supported in part by the Advanced Research
Projects Agency, Department of Defense.

Microinterferograms of 22 of these metal
surfaces are included in part B of this paper.
It was considered of particular interest to
study the effect of the lay of the finish on the
surface reflectance. In the field of color, the
effect of the texture of woven dyed cloth on its
spectral directional diffuse reflectance is well
known and has been extensively investigated.
Nutting (ref. 1) found that representative
colorimetric specifications could be correlated
with visual estimates by averaging the spectral
directional diffuse reflectance measurements of
each sample at two angles, one with the lay of
the weave at 45° and the other with the lay
oriented 90° from the first measurement. This
method was used at NBS and correlated with
other visual methods (ref. 2). A few studies
have been made in other laboratories of the
165
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effect of lay of finish (direction of polishing) on
the specular spectral reflectance (refs. 3, 4, and
5), and of the effect of electropolishing on
specular reflectance (ref. 6). A study has also
been made of the effect of lay on diffuse spectral
reflectance of buffed silver surfaces as measured
with the General Electric recording spectro-
photometer for the visible spectrum ouly
(ref. 7).

SPECIMENS AND TESTS
Test Specimens

The specimens studied were:

(1) Eight sintered beryllium samples,
pressed and polished by manual lap-
ping (no. 1, 2, 3, 4, 6, 7, 8, and 9a)

(2) One sintered beryllium sample chemi-
cally polished (no. 9b)

(3) Six commercial gage blocks made of
steel

(4) Ten NBS
lapped

(5) One polished aluminum sample

(6) One sandblasted aluminum sample

(7) One polished platinum sample

(8) One sandblasted platinum sample

steel samples, machine

Measurements

Measurements of diffuse spectral directional
reflectance were made for the following condi-
tions of irradiation and reception:

(1) 6° incidence, diffuse viewing (specular
component included), 0.4 to 1.08 g,
on a GE spectrophotometer (ref. 8)

(2) 6° incidence, diffuse viewing (specu-
lar component included), on a Cary
model 14M spectrophotometer (ref. 9)
equipped with a model 1411 diffuse
reflectance integrating sphere attach-
ment: 0.26 to 0.4 y, hydrogen source,
Dumont K1306 photomultiplier; and
0.36 to 0.7 u, tungsten source, K1306
photomultiplier

(3) Diffuse illumination, 6° viewing, on
same equipment as described in (2):
0.36 to 0.7 », tungsten source, Hama-
matsu R136 photomultiplier; and 0.6
to 2.1 g, tungsten source, lead sulfide
photocell

Reference Standards

For the visible and near infrared measure-
ments, 0.4 to 1.08 u, the reference standard used
was freshly prepared magnesium oxide made by
burning muagnesium metal chips in air and de-
positing the MgO smoke on troughs 1 mm deep
(ref. 10). All integrating spheres were also
smoked with MgO. Working standards used
were NBS V1-G3 Vitrolite standard (see ref.
11), a rhodinum mirror used for some earlier
measurements, and the diffuse side of a sample
of Corning Thermometer White giass TW1-B1.

The samine reference standards were used in
the tltraviolet, visible, and infrared measure-
ments, 0.26 to 2.1 microns.

RESULTS

Presentation of Results

The results of these studies of the diffuse
spectral reflectance of surfaces of metals are pre-
sented in figures 1 to 9 as follows:

Aluminum: Figure
Machine lapped . _ o ___ 1
Sandblasted . - . .- 1

Platinum:

Machine tapped - - - C oo 1
Sandblasted. . ___ .- 1
Berylliuns:
Sample no. 1, hand lapped (about 4 micro-
inches) oo 2
Sample no. 8, hand lapped (about 20 micro-
inches) - oo e 3
Sample no. 9a, hand lapped (about 20
wicroinches), in visible spectrum only._ 4
Sample no. 9b, chemically polished____..__ 4

Steel:

5 commercial gage blocks_ - ____.______.__ 5
Machine lapped, various sizes of grit_____. 6
Machine lapped, polished and depolished - - 7
Rhodium-plated nickel:
Ruled roughness (20 p in., arithmetic
AVErAEE) . © o e 8
Ruled roughness (125 u in., arithmetic
AVETREC) | o o m e d e m e m 9
Discussion of Results
ALUMINUM

The diffuse spectral reflectance in the ultra-
violet, visible, and infrared (0.26 to 2.1 u) of
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Fiaure 1.—Diffuse spectral reflectances (0.26 to 9.1 M)
of machine-lapped and sandblasted samples of alu-
minum and of platinum. FEach curve represents
determinations af four orientations. There was no
appreciable effect of orientation.

two samples of aluminum, one with a machine-
lapped finish and the other with a sandblasted
finish, are shown in figure 1. Only a single
curve is shown for each sample, since there was
no observable separation of the curves obtained
over the entire spectral range at four orienta-
tions of each sample (0°, 90°, 180°, 270°, and a
repeat measurement at 360° between a fiducial
mark on the sample and the vertical slit axis of
the instrument), that is, the reflectance of the
highly polished surface of aluminum and that
of the highly depolished surface of aluminum
were independent of angle of orientation of the
sample. Spectrally the difference between the
two reflectance curves varied from 0.10 at
0.26 p to 0.38 at 0.9 x and beyond.

PLATINUM

Diffuse spectral directional reflectance curves
of polished and sandblasted platinum, similar
to those for aluminum, are also shown in
figure 1. These two curves are essentially
parallel except in the ultraviolet.

BERYLLIUM

Figures 2, 3, and 4 show the diffuse spectral
directional reflectance of sintered beryllium.
Figures 2 and 3 are curves for hand-lapped
finishes, at eight orientations each (0°,45°, 90°,
135°, 180°, 225° 270° 315° and a repeat
measurement at 360° between a fiducial mark
on the sample and the vertical slit axis of the
instrument). The most polished sample (fig.
2) showed no variation with orientation of the
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FiGurRe 2.—Diffuse spectral reflectance (0.26 to 2.1 M)

of surface of beryllium sample 1, hand-lapped to about

4 microinches. The curve represenis determinations at

eight orientations of the sample.
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Fictre 3.—Diffuse spectral reflectance (0.26 to 2.1u)
of surface of beryllium sample 8, hand-lapped io
about 20 microinches, at eight orientations. The
horizontal lay of finish (texture) yields highest re-
Aectance throughout the spectrum and the vertival
lay of finish yields lowest reflectance. The four 45°
orientations are in the middle but nearer to the hori-
zontal. (Note: For the vertical lay of the finish, the
projection of the incident beam on the surface is
parallel to the lay.) The arrows indicate the direction
of the lay of the finish relative to the vertical slit axis
of the instrument,
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FicURE 4.—Difluse spectral reflectances of beryllium
samples 9a and 9b, for eight orientations each. The
curves for the hand-lapped surface (9a) are shown
only for the visible spectral region (0.36 to 0.7 u).
The curve for this surface after subsequent chemical
polishing (9b) is shown for the range of 0.26 to 2.1 u.
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sample. The least polished sample (fig. 3)
showed approximately 8 percent variation of
reflectance with orientation.

Figure 4 shows the variation of diffuse
spectral reflectance for a hand-lapped beryllium
specimen, similar to the one shown in figure 3,
for the visible spectral region, and for the same
sample after chemical polishing, over the full
spectral range (0.26 to 2.1 4). The hand-lapped
surface showed an appreciable effect of orienta-
tion, but the chemically polished surface showed
no variation in reflectance with orientation.

STEEL

Figures 5, 6, and 7 show diffuse spectral
directional reflectance of steel specimens with
various finishes.

Figure 5 shows data for commercial steel
gage blocks. Curves 2 and 4 are for eight
orientations each, curves 1 and 3 are for two
orientations each, and curve 5 is for six orienta-
tions. (The number of orientations was re-
stricted because of the configuration of the gage
block relative to the opening of the sphere.)
The variations in diffuse spectral reflectance are
due to differences in the types of steel used and
possibly to oxide surface films.

In figure 6 are curves of diffuse spectral
directional reflectance of nearly identical
samples of steel with different finishes—a com-
meccidl gage block finish, a high polish obtained
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Ficure 5.—Diffuse spectral reflectances (0.26 to 2.1 u)
of steel gage blocks with commercial finishes. The
variation in reflectance is due to differences in the
steels used in the manufacture of the blocks and o
oaide surface films.

1. Webber 5§ min M-4 4. Van Keuren 0.250 in.
2, Webber 30 min 222,
NBS-2. 5. Pratt and Whitney

3. NPL 9 gec no. 5 0. 500 in. Triangle.
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Fi1GURE 6. --Diffuse spectral reflectances (0.26 to 2.1u) of
nearly identical steel samples with different finishes, for
one orientation each. The finishes include a commercial
finish, possibly with an ozide surface film, a high
polish obtained with aluminum ozxide on a pitch
polisher, and u range of finishes obtained with different
grades of diamond grit (Y% to 60u) on cast iron. The
lowest curve is for a surface that was heal damaged
during finishing.

1. No. 31: commercial finish 6. No. §4: 6 u diamond
2. No. 17: aluminum ozide 7. No. 40: 14 u diamond
3. No. 20: Y; u diamond 8. No. 86: 20 u diamond
4. No. 36: I p diamond 9. No. 85: 30 u diamond
5. No. 77: 3 u diamond 10. No. 24: 46 p diamond

11. No. 61: 60 u diamond

from aluminum oxide on a pitch polisher, and
a range of finishes obtained with various grades
of diamond grit from % to 60 u on cast ron.
These curves are for a single orientation which
is representative of the average reflectance for
the eight orientations of the sample. Therange
of the measurements varied from approximately
+0.2 percent, for the specimen finished with
the ¥%-p diamond grit, to approximately +1.0
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FicURe 7.- Diffuse spectral reflectances (0.26 to 2.1 u)
of two of the specimens (¥ and 10) shown in figure 6
for eight orientations.

1. Pitch polisher with aluminum ozide (Linde A)
2. Cast iron lap with 46u diamond
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Ficure 8.— Diffuse spectral reflectance (0.26 to 2.1 u)
of a rhodium-plated nickel ruled roughness specimen of
20-microinch AA surface roughness, for sixz orientations.
The arrows indicate the direction of the lay of the
finish relative to the vertical slit azis of the instrument.

percent, for the specimen finished with the 60-4
diamond grit, from the average values indicated
in figure 6. Curve 5 is for a surface that was
found to be heat damaged when removed from
the block.

Curves for two of the specimens, no. 2 and
10 of figure 6, are shown in figure 7 for eight
orientations.

RHODIUM-PLATED NICKEL

Curves for ruled roughness specimens of
rhodium-plated nickel of 20 and 125 microinches
AA (arithmetic average) for six orientations of
the rulings are shown in figures 8 and 9. The
reflectance, relative to MgQO, at orientations
of 90° and 270° exceeded 100 percent at wave-
lengths greater than about 1.8 u. This is
believed to be due to a focusing effect of the
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Fraure 9.—Diffuse spectral reflectance (0.26 to 2.1 u)
of a rhodium-plated nickel ruled roughness specimen
of 125-microinch A A surface roughness, for six orienta-
tions. The arrows indicate the direction of the lay of
the finish relative to the vertical slit axis of the instrument.

regular rulings of the Caliblock, the geometry
of the integrating sphere, and the setting of the
100 percent curve relative to the diffusing
MgO surface.

CORRELATION WITH SURFACE
TEXTURE

Study of these spectrophotometric curves and
of the corresponding 24 microinterferograms
shown by Spangenberg, Strang, and Chamberlin
in part B of this paper showed a possibility of
a correlation between diffuse spectral directional
reflectance and the surface texture (roughness)
as therein evaluated. However, considerably
more work on more accurately prepared speci-
mens must be done before definite conclusions
may be reached.

B. Surface Texture Measurements of Metal Surfaces?

Control of surface texture is usually based on
a single roughness parameter of the surface.
When such single parameter control is used,
it is also necessary to specify the manufacturing
process. The relationship between the control
parameter and the resultant surface texture, for
the defined process, is known either by experi-
ence or previous tests. No single parameter
can, however, fully describe a surface. For

2 See also Paper 27.

this correlation study, the surface textures of
the finely finished specimens used were
evaluated by measuring several conventional
parameters.

SPECIMENS

Three sets of specimens were measured.
These consisted of a set of specially prepared
sintered beryllium specimens, a set of specially
prepared tool steel specimens, and a set of
commercially finished steel specimens.
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SURFACE

Six specimens of sintered beryllium were
finished by a hand-polishing process similar
to metallurgical polishing. These specimens
were polished in one direction, so that there was
a predominant lay to the surface texture of all
but the finest finished specimen.

Ten specimens of gage block tool steel were
finished by a lapping process. Specimen 17
was finished on pitch using a fine aluminum
oxide abrasive (Linde A). All others were
finished on a cast iron lap using various
powdered diamond abrasives. These speci-
mens were randomly finished and had no
predominant lay.

Six commercially finished gage block steel
specimens were also measured. These surfaces
represent commercial machine lapping proc-
esses. Specimen 1 had a predominant lay;
all others were randomly finished.

In addition, measurements on a commercial
precision reference specimen (Caliblock) were
also used in this study. This specimen is an
electrolytic replica of ruled regular triangular
wave patterns having apex angles of 150°.
It had two patches with different peak-to-
valley heights.

MEASURED PARAMETERS

The parameters measured are those in accord
with the M system. This system is based on a
mean line about which various roughness
parameters are measured.

Although by no means complete, the follow-
ing definitions should be sufficient for under-
standing the terminology used. Figure 10
graphically illustrates these parameters. A com-
plete physical interpretation of the significance
of these and other parameters is contained in
references 12, 13, and 14.

Mean line (center line): A mean line is a line
parallel to the general direction of the measured
surface profile and positioned such that the
sums of the areas contained between it and those
parts of the profile that lie on each side of it
are equal.

Crest and root lines: For these measurements
the crest and root lines were determined by
the 10-point system, in which the crest line
and root line are located parallel to the mean
line and through the average height of the

EFFECTS

five extreme peaks and the average depth of the
five extreme valleys of the profile, respectively.
Peak-to-valley height R: The peak-to-valley
height is the distance between the crest and
root lines.
Leveling depth R,: The leveling depth is the
distunce between the crest and mean lines.
Mean depth R,: The mean depth is the
distance between the root and mean lines.
Roughness height R,: The roughness height
is the arithmetic average deviation of the
profile measured perpendicular to the mean
line, and is given by

B=1 "1y
a:'L—j; |y|:c

Roughness width A,: The roughness width is
the avernge horizontal spacing between suc-
cessive peaks of the predominant surface
pattern.

Filling-out factor k: The filling-out factor is
the ratio of the mean depth 2, to the peak-to-
valley height R. Thus,

B,
=%

Profile angle factor j: The profile angle factor
is the ratio of the peak-to-valley height R to
the roughness width A,. Thus,

=4

Shape factor 1: The shape factor is the ratio
of the roughness height R, to the leveling depth
R,. Thus:

Both stylus and interferometric methods
were used for the examination of the specimens.
Interferometric methods were used for all sur-
faces too fine for the stylus to penetrate to the
full depth of the texture.

A Taylor, Taylor, and Hobson Talysurf,
model 3 modified, was used for the stylus meas-
urements (ref. 15). This instrument has a
stylus with a tip radius of approximately 100
microinches which contacts the specimen with
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Ficure 10.—Basic surface measures.

1 (L R
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a static force of 30 milligrams. This low
measuring force of the stylus permits the tracing
of all hard materials without visibly marking
them. The undulations of the specimen are
measured relative to a straight datum and are
graphed (profilogram) as the stylus is drawn
over the surface. The desired parameters can
be determined from this profilogram.

REPLICA FILM

—afe f—

SURFACE TESTED

10.7

F1ouRE 11.—The Zehender method. OPD=2R(ny—n)) A,

A Hilger and Watts surface microinterfer-
ometer, model TN 200, was used for the inter-
ferometric examination of the surfaces. This
instrument is an interference microscope as
proposed by Linnik (ref. 16). Photographs
made of the interference patterns (microinter-
ferograms) can be interpréted in the same
manner as profilograms. All measurements
were made using the mercury green spectral
line (21.4-microinch wavelength).

To extend the usefulness of this instrument,
the Zehender method of fringe demagnification
A; was used (ref. 17). Interferometric examina-
tion of rough surfaces, where the fringes are
deflected to such an extent that they can not
be resolved, can be performed by the technique.
A transparent film replica of the surface is
measured interferometrically while immersed
in a fluid. The amount of demagnification is
determined by the refractive indices of the
replica and the fluid. Figure 11 graphically
demonstrates this method. The microinter-
ferograms shown are of the same specimen as
measured directly and as measured by the

Zehender method. Immersion fluids used were
IMMERSION
Ly Lo " FLUID
ni

—— e p———

MIRROR

—_— x -
T (y—n)
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air, water, and oil, which gave, respectively,
approximate demagnification ratios of 1/2,2/11,
and 1/11.

RESULTS

Several profilograms and microinterfero-
grams were made at random positions in the
area of the specimen used for the spectral
reflectance measurements. On those surfaces
having lay, measurements were made both
parallel and perpendicular to the direction of
the lay. The measured parameters for the
specimens are tabulated in tables I, II, and

Be | 10.7
0.4 pin AA

NP
|V Y S
Kot ad asiand

Be 3
0.8 ninAA

III. The reported values are based on four
random traces having traversing lengths of
0.030 inch.

Representative microinterferograms of the
surfaces tested are presented in figures 12,
13, 14, and 15. The field size shown represents
0.0165 inch. The fringe spacing in micro-
inches is given under each microinterferogram.
This represents the half wavelength of the
mercury green spectral line in the various
immersion fluids used.

Profilograms and microinterferograms of the
precision roughness specimen are presented for
comparison in figure 16.

10.7 10.7

Be 4
.2 pin AA

R i, Rephfyeren o

A P P, 7y,

AR R TRy v
AN e A AR | IR, g,
IOARL oty v AP

WA,
EOYANIIIPPO Sy Feln i 02 N0
AV Ty Sgyemrastie Ay i P P4 ke
Dl ot s sachin Gl
NI iy et ¥, PeS -
PPty v, g

Be 6 10.7

Ll win AA

Be 7
.l winAA

F1GURE 12.—Microinterferograms of sintered beryllium specimens.

10.7 21.0

2.2 ninAA

Field size shown represents 0.0165-in. Fringe

spacing in microinch 8 given below each m wcrointerferogram.
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TaBLE 1.—Beryllium Specimens

Roughness | Peak to Leveling Mean Roughness| Filling Profile
S8ample Lay height R,, valley depth R,, | depth Rm, | width 4., | out factor angle Shape factor
uin, AA helght R, win, pln, pin, Rn/R factor Ra/R.
pin, RiA,
Bel. ___________ Random 04 2.5 1.0 1.5 + 0.60 | ______ 0.4
Be3 . ______ L 0.8 6.7 3.7 3.0 2300 . 45 0. 003 .2
Il 1.0 4.5 1.6 2.9 5500 . 65 . 0008 .62
Bed ___________ 1 1.2 6.3 1.9 4.4 2600 .70 . 002 .63
i L0 4.7 2.1 2.6 15000 . 55 . 0003 . 48
Be6. __________ 1 1.1 7.4 2.2 5.2 600 .70 . 012 . 50
I L1 7.9 3.7 4.2 1600 .53 | .005 . 30
Be 7 ___________ 1 1.1 9.3 2.9 6. 4 600 . 69 . 016 .38
I 0.7 5.4 1.3 4.1 2200 .76 . 002 .5
Be8 __________. 1 2.2 15.0 6.6 8 4 700 . b6 . 021 .33
1 2.2 11.9 6.0 5.9 2000 .50 . 006 .37

-+ Not applicable.

0.9 xin AA .4 pin AA

F1aURE 13.—Microinterferograms of prepared steel specimens. Field size shown represenls 0.0166-in.  Fringe spacing
in microinch is given below each microinterferogram.



174 SURFACE EFFECTS

TaBLE I1.— Prepared Steel Specimens

Roughness Peak-to- Leveling Mean ‘ Roughness | Filling out Profile Shape factor
Sample Grit height valley height depth depth © width factor |angle factor g,/R.
R, uin. AA R, uin. Ry, uin. R, uin A, pin. Rul/R RiA,
17 Linde A - — - - S T S I
20 e - - - - & SRR (RSPRORUP PRI (R
35 1u - 0.3 - — 1400 | ______ 0.0002 | .________
77 3u 0.9 5 8 1.6 4.2 700 0.72 . 008 0.6
54 6u 1.4 87 3.2 5.5 500 .63 017 . 44
40 14, 3.9 18. 0 6. 6 11. 4 600 .63 . 030 .59
86 20u 5.0 25. 5 12. 1 13. 4 700 .53 . 036 .41
85 304 13. 3 81. 5 38.2 43. 3 700 .53 . 116 .35
24 45u 15. 5 96. 0 34. 5 61. 5 800 . 64 . 120 .45
61 60u 15. 6 87.0 38.5 ‘ 48. 5 \ 900 . 56 . 098 .41

— Below measurement capabilities.
+ Not applicable.

. ’ e
o, wnd S g - 7 T
e S -4 A

Iy N

85 605 04 605 6l 8
13.3 pin AA 15.5 p in AA 15.6 pin AA

Fiaure 14.—Microinterferograms of prepared steel specimens. Field size shown represents 0.0166-in. Fringe spacing
in microinch is given below each microinterferogram.
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TasLE II1.-—Commercial Steel Specimens o

Roughness |Peak-to-valley Leveling Mean depth Roughness Filling out Profile angle | Shape factor
Sample height R, heights R, depth R, R pin, width A: uin. | factor, Rm/R | factor R/A, R./Ru
pin. AA pin, uin.
1 0.7 3.0 n n 200 n 0015 | _____.._
2 — — — — B N I R
3 0.6 3.0 n n 1000 n 0.003 | ___.___._
4 0.5 2.5 n n 700 n 0.004 | ___.____
5 0.8 3.0 1.1 1.9 500 0. 63 0. 006 0.7
31 1.9 8. 4 1.3 7.1 600 0. 85 0. 014 1.5
Caliblock
20 20 80 40 40 600 0.5 0. 13 0.5
Caliblock
125 120 480 240 240 3600 0.5 0.13 0.5

e n Not determined.
— Below measurement capabilities,
+ Beyond measurement capabilities.

| 10.7 3 107
O.7pnin AA 0.6 win AA

0.7 5 107 3 0.7
0.5 1 inAA 0.8 ninAA 1.9 nin AA

Figure 15.—Microinterferograms of commercial steel specimens. Fringe size shown represents 0.166-in. Fringe spacing
in microinch is given below each microinlerferogram.
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FIGURE 16.— Profilograms and microinterferograms of the two sample areas of the precision roughness specimen.
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Taylor-Hobson Re-

DISCUSSION

J. T. Nev, General Dynamics Astronautics: Mr.
Keegan, you indicated that the Cary and the GE spec-
trophotometers were unsatisfactory for making re-
flectance measurements. Why is this?

KeEeGan: The Cary model 14 spectrophotometer was
designed and built for the measurement of spectral
transmittance of solutions such as those prepared by
chemists. To measure reflectance on the Cary 14
spectrophotometer an attachment must be purchased
for diffuse reflection measurements and the instrument
must be partially dismantled to install this attach-
ment. Because the 100-percent curve is set from two
diffusing standards, and because of the baffles in the
integrating sphere, the results obtained for specular
specimens depend upon the mode of illumination of the
specimen.

The GE recording spectrophotometer accurately
measures spectral directional reflectance of diffusing
samples and samples that are nearly perfect mirrors
so that the specular component may be excluded
from the measurement. For semiglossy samples

and nonplane surfaces the excluded measurement is in
question because of the size of the specular cup. This
instrument comes equipped with an integrating for
measurements of transmittance and reflectance. It
was designed and built for the measurement and speci-
fication of colored materials. Does this answer your
question?

NEeu: No. Isit not possible that the problem is with
the integrating sphere that you attach to the spec-
trophotometer—rather than the spectrophotometer?
I consider the spectrophotometer to be an excellent
instrument.

KEeEGaN: Yes, it is good for diffuse reflectance if it
has the proper integrating sphere.

NEev: That is the point! It is not the instrument, it
is the device that you fasten to it.

KegGan: I rely on the Cary 14 for transmittance
and diffuse reflectance measurements. It is the
present reflectance attachment that does not measure
specular reflectance accurately.






18. The Measurement of Total Surface Area

J. E. JANSSEN AND R. N. SCHMIDT
RESEARCH CENTER, HONEYWELL, INC., MINNEAPOLIS, MINN.

If the geometry of a surface could be adequately deseribed, it might be possible to
publish radiation properties for smooth surfaces and calculate the effect of variations in
surface roughness. A method employing a radioisotope tracer technique for measuring

total surface area is described.

A monomolecular layer of carbon-14 tagged surficant is

employed. It appears that a knowledge of the total surface arca along with profilometer
measurements might provide sufficient data to construct a reasonahly accurate model of the

surface.

Anyone who searches the literature for
thermal radiation properties will find a great
deal of data on materials and surfaces that are
poorly described. Descriptions such as “iron,”
“oxidized iron,” “steel,” and “aluminum,” are
common. Information as to the surface rough-
ness, thickness of oxide layer, and chemical
composition of the material is frequently lacking.

The demands for better data imposed by
our space programs have resulted in much
better descriptions of the materials in recent
years. However, the engineer is always faced
with the problem that the data available are
for a particular surface condition, whereas he
may need information on a slightly different
surface. It would be desirable if the true
emissivity of a material could be specified, and
if from this the emittance of a surface with a
particular roughness could then be calculated.
Emissivity is equivalent to emittance only for
an optically smooth opaque surface (ref. 1).

Such an approach is very simple in the case of
electrical resistance. The volume resistivity of
a material can be easily determined, and the
resistance of a particular conductor made of
this material can then be computed from the
resistivity and the easily measured geometrical
parameters.

In the case of thermal radiation, the geometry
of surface roughness is much more difficult to

determine. Conventional profilometers give an
indication of the average height of the roughness
but reveal little about the distribution of the
peaks and valleys or the slopes of their sides.
Recently a radioactive-tracer technique has
been used to study the influence of surface
roughness on the magnetic properties of thin
films (ref. 2). Basically, the technique consists
of treating the surface to be measured with a
radioactive surficant in such a way as to achieve
a monomolecular layer of the surficant. Under
this condition the radioactivity of the surface
will be a direct function of the total surface
area. A rough surface can then be compared
with a smooth surface of the same projected
area to give a total surface area ratio.

SURFACE AREA MEASUREMENT

The technique presented here has been
described in a paper by Kivel, Albers, Olsen,
and Johnson (ref. 3). Surfaces to be measured
were immersed in aqueous solutions of 1.0 10~4
to 2.0X107% molar HMAB (hexadecyl-1-C*
trimethylammonium bromide, available from
Nuclear Chicago Corp.). The samples were
then vertically withdrawn at a uniform rate of
2 mm/min by means of a small motor. The
radioactivity was then measured with a Tracer-
lab model FD-1 gas flow counter. When the
radioactivity of a surface was plotted against

179
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FigurRe 1.—Adsorption tsotherms for hexadecyl-1-
C trimethylammonium bromide (HMAB) on melals,
at 20° C.

the concentration of HMAB, it was found that
the curve exhibited a plateau. This plateau
has been assumed to indicate the existence of a
monomolecular layer. Figure 1 shows the data
for several metals and figure 2 for two organic
surfaces.

Fire-polished glass is optically smooth and
makes a good reference surface; but it is con-
ceivable that spectral data could be obtained
by using surfaces with known roughness
dimensions as references.

ROUGHNESS GEOMETRY

The values of total surface area might be
used in the following way. Profilometer meas-
urements of a surface give the mean height of
the peaks. Knowing the surface area would
enable one to calculate the slope of the sides
of the peaks if, for example, V-grooves could
be assumed. The slope and height then estab-
lish & model for the surface geometry.

Other geometries can be visualized. Cylin-
drical grooves or spherical depressions might be
more realistic for some surfaces. The saw-
tooth surface shown in figure 3 might have
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FiGUurReE 2.—Adsorplion isotherms for heradecyl-1-
C! trimethylammonium bromide (HMAB) on two org-
anic surfaces, at 20° C.

small flats on the peaks and in the valleys.
Some experimentation would be required to
determine which model gives the best results
under specific conditions.

T el /<s

1 P

Figure 3.—Relationship of total area Az to nominal
area A. L is the number of grooves in the given area:

Ar=28L
A=bL
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It would be necessary to make a distinction
between metals and dielectrics. Smooth metal
surfaces are highly specular and the sides of
the grooves or pits would have to be treated as
specular surfaces. Dielectrics are diffuse by
nature and have much lower absorption coeffi-
cients. Very small scale roughness probably
has a negligible effect on dielectrics. For
roughness with significant dimensions it would
be necessary ‘to treat the surface elements as
diffuse surfaces.

CONCLUSION

The method discussed is admittedly not the
complete solution to the problem of reducing
surface roughness effects to a rational basis.
It would appear, however, that this technique
for measuring total surface area is a tool that

can be used to obtain one more item of infor-
mation about surfaces. If a rough surface can
be adequately described, it should be possible
to compute the effect of surface roughness and
thus eliminate surface geometry as an unknown

parameter.
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DISCUSSION

Karn A. SENsE, Astropower Laboratory, Douglas
Aircraft Company: How do you know that the radia-
tion that comes off the radioactive material is not inter-
cepted by the wall of the crevice in which it is located,
so that it is not registered on the detector?

ScamipT: I wish mainly to describe our experience
with the technique, rather than to advocate it. Never-
theless, this is an interesting point, and we have thought
about it. However, we have not actually used the
technique for the measurcment of roughness for cor-
relating thermo-physical properties, so I hesitate to
give you an answer. I do know that the radioactivity
of the material is very weak so it can be handled with
little danger. There are some drawbacks to the
technique because the molecule is a long chain and it
attaches to the surface at one end; that is, the head
sticks to the surface and the tail sticks out. Accord-
ingly, the nature of the surface coverage would not be
obvious if the surface has sharp irregularities that are
of molecular dimensions. I am sure that an crror in
the measurement would result if the surface roughness
had an overlapping configuration. The size of the
molecule of the surficant is also important. A smaller
molecule could go into the smaller fissures or pores,
whereas the larger molecule could not. The HMAB
molecule takes up an area of approximately 20 Az,
which should be satisfactory for very small roughnesses.

Incidentally, some people in Australia are using a
compound very similar to HMAB but not radioactive.
Its presence is determined by ultraviolet absorption.
A paper on the technique has been published recently
in one of the physics journals.

SENsE: I would be hesitant to use this method myself.

There is a well known method that Brunauer, Emmett,
and Teller established the basis for many years ago,
which uses gases like krypton or xenon for monolayer
adsorption. From straightforward physical chemical
measurements, one can determine the surface area
quite accurately with the Brunauer-Emmett-Teller
method. For example, Cannon, in a recent publica-
tion in Nature describes his work on surface roughness
using the BET method with xenon.

ScuMIDT: A point we must keep in mind is that we
are not measuring total surface area for the sake of
measuring total surface area or for the sake of de-
termining area available for chemical reactions but to
use it to corrclate gross radiation properties with the
radiation properties of smooth surfaces. The area
measurement made by the nuclear radiation method
may be more useful than the methods you consider to
be more accurate because those methods include
surface areas under overlapping configurations of
roughness. Underlying surface areas do not contribute
in a direct ratio to the gross thermal radiation properties
except where they can be viewed. If they can be
viewed for thermal radiation they ean also be viewed
for nuclear radiation because the mechanisms involved
are quite similar.

One final comment is that Dr. Kivel, who developed
this method, discussed in his paper an alternative
method for determining total surface area. This
alternative technique uses the same method for pro-
ducing a monolayer of HMAB on the surface. The
HMAB is washed off, however, and the radioactivity
of the wash gives a direct indication of the total surface
area including the surface under overlapping configura-
tions of roughness.






19. The Time Variation of the Total Hemispherical Emittance
of Polished Platinum Surfaces at High Temperatures
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Platinum strips were maintained at temperatures up to 1700° K for extended periods,
during which repeated measurements of total emittance were made, together with photo-

micrographs of the surface.

The photomicrographs show the gradual appearance and in-

creasing definition of crystal grain boundaries during the extended heating. The simultaneous
increase in emittance was very slight. A small decrease of emittance during the first few
minutes is ascribed to a thermal-polishing mechanism.

The surfaces of polished metals held at high
temperatures for fairly long periods of time
eventually lose their specular characteristics
because of thermal etching and/or recrystal-
lization. Thermal etching is probably similar
to any other etching process, which is the
physical removal of material from the surface
of the bulk metal in order to reveal its under-
lying crystalline structure. Thermal etching
may involve selective evaporation from the
grain boundaries of the crystals. Recrystalli-
zation, on the other hand, results from the
release of accumulated mechanical energy.
The energy imparted to the metal during cold
working and polishing is reduced by the mi-
gration of dislocations and vacancies from sites
of high local strain to the grain boundaries
(ref. 1). Both of these phenomena are directly
influenced by the temperature and by the
amount of cold working.

In order to determine the effect of thermal
etching or recrystallization on the total hemi-
spherical emittance, an apparatus was devised
which would simultaneously photograph the
surface, and measure the emittance as a function
of time at high temperature. Thin platinum
ribbons were heated electrically in a vacuum of
about 107% torr. The emittance was de-

757-044 O - 65 - 13

termined from the electrical power dissipated
per unit area in the constant temperature
region at the center of the ribbon (ref. 2). The
temperature at the center of the ribbon was
measured by a platinum/platinum, 10-percent
rhodium thermocouple, and the potential drop
across the uniform center portion of the ribbon
was measured by two voltage leads attached to
the ribbon on either side of the center portion.

Changes of the platinum surface were re-
corded by time-lapse photography. The photo-
optical system consisted of a 16-mm Cine Kodak
motion picture camera modified by a system of
a~c solenoids connected to a mechanical shutter-
ing device that provided precise timing of the
repetition rate, which could be varied from one
frame per second to one frame per 30 seconds.
The camera was coupled to a telemicroscope
which magnified the surface by a factor of 40 to
1. Since the telemicroscope had an objective
lens with a focal length of 48 mm, the ribbon
had to be very close to the window of the vac-
uum chamber. The entire vacuum chamber
was water cooled and a fan was used to cool the
window. In order to take photomicrographs
having good definition, it was necessary to
illuminate the ribbon surface normally, as
illustrated in figure 1.
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FiGURE 1.—Schematic diagram of apparatus for determining the time variation of emittance and surface appearance.

In the setup shown schematically in figure 1
and by the photograph in figure 2, the power
was supplied to the specimen from a voltage-
regulated a-c source, and the potential drop
between the voltage probes was measured by
an a-c voltmeter with an accuracy of 0.25
percent of full scale. The current was moni-
tored by an a-c ammeter of the same accuracy.
The emf from the thermocouple was measured
with & potentiometer, and the brightness
temperature was measured by a micro-optical
pyrometer.

The power to the ribbon and the time-lapse
camera were turned on simultaneously and the
repetition rate of the camera was set at one
frame every 30 seconds. When the specimen
reached the desired thermocouple temperature,
the values of the emittance parameters were
recorded. Measurements at this temperature
were continued for a period of several hundred
minutes, and emittance data were recorded
every 15 minutes. During this time, the emf
of the thermocouple was held constant by

controlling the power to the ribbon. The
accuracy of the electrical power dissipation
determination is +% percent, since it is
derived from the previously mentioned current
and voltage measurements. Even though the
thermocouple voltage could be read quite
accurately with the potentiometer, it is believed
that systematic errors in the thermocouple
circuit of this system increased the temperature
error to -+ 1 percent.

Figure 3 consists of eight selected frames
from a 16-mm film record of a platinum ribbon
held at various high temperatures for a period
of 900 minutes. The temperature was varied
from 1200° K to 1600° K and back down to
1200° K in approximately 100° steps of 100
minutes duration each. Plate a shows the
polished surface of the specimen at 1200° K.
The horizontal striations visible in this view
were probubly caused by the initial rolling
process. The subsequent views show the pro-
gressive degradation of the specular quality of
the surface by the appearance of grain bound-
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F1GuRE 2.— Photograph of apparatus.

aries which apparently deepen and become
more clearly defined with time. Plate i is a
photograph of a reticle placed in the position of
the specimen in order to calibrate the system.
The distance between the divisions is 100
microns. A chronological record of the tem-
perature and the emittance of another sample
is shown in figure 4. The initial decrease in
total hemispherical emittance at 1500° K was
an unexpected effect. Photomicrographs of
the specimens indicate that this decrease could
be attributed to a thermal polishing action that
smooths the microscratches caused by the
lapping wheel.! After the temperature was
increased to 1700° K the emittance increased
perceptibly with time. At 670 minutes the
temperature of the specimen was reduced to
1500° K; the emittance was only about 1.5 to
2.0 percent greater than that for the original

! See also Paper 15.

polished state. At 720 minutes the tempera-
ture was increased to 1682° K. The rate of
increase of the emittance at this temperature
is greater than it is at 1500° K, showing that
the rate of increase of emittance is related to
the temperature of the specimen.

Figure 5 shows photomicrographs of the
central areas of two platinum samples. The
photomicrographs illustrate the ““as received”
surfaces (plates a and d), the lapped surfaces
(plates b and e), and the recrystallized surfaces
(plates ¢ and f). Plate g is the reticle calibra-
tion for these six photomicrographs. The
lapping scratches visible in plates b and e are
not apparent on the single erystals of the recrys-
tallized surfaces. As previously noted, the
change is ascribed to some thermal-polishing
mechanism, which presumably causes the initial
decrease in emittance observed during the first
few minutes of the measurements. Plate h is
the reticle calibration for the photomicrograph
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F1aure 3.—Time lapse photographs of platinum sample showing the change of the surface microstructure from the ini-
tially polished siate, plate a, to the final state at 900 min, plate h. Plate t is a photograph of the reticle used to
calibrate the sysiem, where 1 division equals 100 microns.
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F1cUuReE 4.—Variation of emitlance of platinum during a test run.
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Fiaure 5.— Photomicrographs of two platinum samples. Plates a, b, and ¢ chronologically show the as received,
polished, and post run conditions of sample 4; and plates d, e, and f show the as received, polished, and post

run conditions of sample 6.

Plate g is the calibration for plates a through f, where the distance between any two

adjacent lines is 100 u. Plate h is the calibration for plate i which shows a section of sample 5 at almost three

times the magnification of the other pholomicrographs.

of plate i, which has nearly three times the
magnification of the other plates and which
illustrates the ‘“‘slip planes” in a single crystal
which could possibly increase the emittance.
The grain boundaries that appear so dramati-
cally on the surface of the platinum specimen
apparently do not have a dramatic eftect on the
emittance of the surface over reasonably long
periods of time at